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ABSTRACT 
 

Biomechanics and motor control of early acceleration: Enhancing the initial 
sprint performance of professional rugby union backs 

 
Sprint acceleration is an important performance feature in many sports. For 
professional rugby union backs, short distance sprints are frequently carried out in 
training and competition, but how technique and strength-based characteristics 
contribute to their acceleration performance during these initial steps is not 
currently well understood. A series of investigations were therefore undertaken to, 
firstly, advance the understanding of this area and, secondly, to apply this 
information by prescribing individual-specific interventions to enhance initial 
acceleration performance.  
 
Three initial investigations sought to determine how technical features and 
strength-based qualities of professional rugby union backs related to their sprint 
performance (quantified as normalised average horizontal external power) during 
the initial steps. Findings from these investigations highlighted that focussing on 
the contribution of discrete technical variables to acceleration performance in 
isolation is an overly reductionist approach which overlooks how complex systems 
achieve high sprint performance. Findings also highlighted how important 
information on individuals can be lost using group-based study designs, since 
different inter-athlete strategies were adopted to achieve similar performance 
outcomes.  
 
In the fourth investigation, four sub-groups of participants were identified, using 
cluster analysis, based on their whole-body kinematic strategies. At the intra-
individual level, the variables which portrayed their individual strategies remained 
stable (CV: 1.9% to 6.7%) across multiple separate occasions. This 
characterisation of whole-body strategies was used to develop a novel and 
rigorous approach to longitudinally assess the efficacy of technical-based 
acceleration interventions. Demonstrating the application of this approach in the 
final investigation, several individual-specific interventions were prescribed to 
professional rugby union backs based on within-individual relationships of their 
technique strategies and strength-based capabilities with acceleration 
performance. Changes in within-individual technique and acceleration 
performance were measured at multiple time points across an 18-week 
intervention period where meaningful enhancements in acceleration were 
observed. This demonstrated that individual-specific technical interventions were 
effective in manipulating aspects of acceleration technique and performance. The 
outcome of these investigations provides a novel approach for practitioners 
working to individualise sprint-based practices.  
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CHAPTER 1: INTRODUCTION 

 
1.1 Research overview 

 
Within professional rugby union (hereafter referred to as ‘rugby’), sprinting is deemed an important 

physical ability. Performance during the sprint acceleration phase, in particular, has been shown to 

relate to key performance indicators during matches and to discriminate between playing standards 

(Cunningham et al., 2018; Hamlin et al., 2021; Smart et al., 2014). Given that the typical sprint 

duration in rugby is between one and three seconds (Deutsch et al., 2007; Roberts et al., 2008), 

the initial steps of a sprint are important for rugby players. Of the two major positional groups in 

rugby (backs and forwards), backs are typically the fastest players during sprint acceleration 

(Crewther et al., 2009; Cross et al., 2015). This is logical given that one of the role requirements for 

backs is to out-manoeuvre opposing players (Duthie et al., 2003) and that backs complete a higher 

number of sprints during competition and training than forwards (Campbell et al., 2018; Duthie et 

al., 2006). Despite this, little is known about the factors that contribute to the early acceleration 

performance of rugby backs at the professional level, such as how their technical features or 

strength-based capacities relate to sprint performance during the initial steps. Therefore, a greater 

understanding of these contributory factors is needed to enhance the knowledge and sprint-training 

practices of practitioners working with professional rugby backs.  

  

The existing research that has investigated the technical features of trained to world class level 

performers (Tier 2 to 5; McKay et al., 2022) during the initial steps of acceleration (approximately ≤ 

5 m) has focused predominantly on track and field sprinters (e.g., Bezodis et al., 2014; Bezodis et 

al., 2015; Debaere et al., 2013a; Debaere et al., 2015; Walker et al., 2021). Clearly, sprinters 

represent the fastest of all athletes. Therefore, the techniques they adopt to enhance their ground 

reaction force (GRF) characteristics, which ultimately determine their sprint performance (Morin et 

al., 2011; Morin et al., 2015a; Rabita et al., 2015), are of interest to practitioners working with team 

sport players. However, unlike sprinters who train for the sole performance goal of enhancing their 

sprinting ability, rugby backs are required to train for a variety of performance goals in the context 

of their sport, and the extent to which the information collected through research on sprinters can 

be used to enhance the acceleration of rugby backs is unclear due to the inherent differences in 

their ecological constraints (Newell, 1986).  
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According to Newell (1986) there are three types of constraint that influence movement – 

environmental, task and organismic (hereafter referred to as ‘performer’). Accordingly, differences 

in the environmental (e.g., running surface), task (e.g., sprint start conditions) and performer (e.g., 

physical characteristics) constraints between sprinters and rugby backs imply that different 

technical features may be necessary to achieve high initial acceleration performance in their 

respective sports, and will likely emerge as a function of the sprint demands specific to their 

individual training and competition settings. Furthermore, from an ecological dynamics perspective, 

although the fundamental movements necessary to sprint effectively during the initial steps (e.g., a 

sequential cycle of contralateral upper and lower limb flexion and extension) are broadly the same 

for everyone, a one-size-fits-all ideal movement template may not exist (Glazier & Mehdizadeh, 

2018; Seifert et al., 2013). This suggests that similar initial acceleration performance could be 

achieved through different sprint techniques between and within athlete groups, and this may 

explain the conflicting perspectives on the importance of even broad technical features such as 

spatiotemporal variables (i.e., step length, step rate, contact time and flight time) during the initial 

steps of a sprint in studies of both team sport players and sprinters (e.g., Debaere et al., 2013b; 

Murphy et al., 2003; Nagahara et al., 2018a). Therefore, questions remain concerning which 

technical features are important for rugby backs during the initial steps and how they may be 

manipulated to enhance their acceleration performance in the context of their environmental, task 

and performer constraints.     

 

Regarding performer constraints, movement preferences adopted during initial acceleration 

between athlete groups will likely be influenced by their physical capabilities (Holt, 1998; Thelen, 

1995). Therefore, different performer constraints between athlete groups, and between individuals 

within a group, such as strength-based capacities, may result in different movement strategies 

during initial acceleration. However, previous investigations on the strength-based capacities of 

team sport players have largely sought to determine how these physical characteristics relate to 

early acceleration performance in isolation, without consideration of the techniques adopted (e.g., 

Boraczyński et al., 2020; Cronin & Hansen, 2005; Wisloff et al., 2004; Zabaloy et al., 2020). 

Considering how these strength-based capacities interact with the technical features adopted 

during the initial steps and how combinations of technical and strength-based features collectively 

associate with performance is needed to give a better understanding on how high performance is 

achieved by rugby backs during early acceleration.  
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A better understanding of the technical features important for the initial sprint acceleration 

performance of professional rugby backs, under the environmental and task constraints associated 

with sprint acceleration requirements in rugby and how they are influenced by performer 

constraints, is therefore needed. Furthermore, knowledge of how this information can be applied to 

impact the initial acceleration performance of rugby backs would have wide-reaching appeal to 

coaches and practitioners tasked with enhancing their acceleration abilities.    

 

1.2 Thesis aim 
 

The overarching aim of this thesis was to understand how the technical and strength features of 

professional rugby backs related to their sprint performance during the initial steps and, informed 

by this advance in knowledge, to develop and apply an individual-specific intervention framework to 

enhance initial acceleration performance. 

 

1.3 Development of Research questions 

 
Most of the current understanding of effective sprint technique during the initial steps is based on 

that of track and field sprinters. This is potentially problematic for practitioners looking to enhance 

the acceleration abilities of athletes in any domain outside of track and field sprinting, due to the 

different ecological constraints that act on the performer (Newell, 1986). For instance, regarding 

task constraints, professional rugby backs will commence maximal accelerations from a more 

upright stance (e.g., 2-point position) compared with sprinters who are required to commence 

sprinting from a crouched 4-point start in blocks during competition. Therefore, research comparing 

the technical features and performances of rugby players with sprinters during the initial steps can 

help practitioners working in rugby to understand the extent to which information on the technical 

features of sprinters can be used to help inform the sprint training of rugby backs. This therefore 

led to the first research question: 

 

I. What are the differences in spatiotemporal variables and linear kinematics between 

professional rugby players and sprinters during the initial steps of a sprint, and how 

do they relate to performance? 
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Previous research investigating technical features associated with sprint performance during initial 

acceleration found that more favourable GRF characteristics for acceleration performance were 

achieved when the whole-body centre of mass (CM) was moved further forwards of the stance foot 

towards the end of the contact phase (Kugler & Janshen, 2010). However, to understand the 

technical features which may be manipulated to affect this forward leaning position and how they 

relate to initial acceleration performance, further investigations are required.  This will help provide 

information to explain how better sprint performance can be achieved by rugby backs. Therefore, a 

second research question was posed as follows: 

 

II. How do angular kinematics and normalised spatiotemporal variables relate to the 

toe-off distance and initial acceleration performance of professional rugby backs? 

 

To understand how some of the performer constraints influence the technical features observed 

during the initial steps, knowledge of how strength-based qualities relate to the movement 

characteristics adopted, and acceleration performance achieved, would provide further insight into 

how the different acceleration strategies observed in this sprint phase may be influenced. Two 

further research questions were therefore developed to address this area: 

 

III. How are lower limb strength qualities related to the performance of professional 

rugby backs during initial acceleration? 

IV. What are the relationships between lower limb strength qualities and technical 

features, and how do their interactions associate with initial acceleration 

performance in professional rugby backs?   

 

The approaches used to answer the first four research questions would provide useful information 

to help identify how movement characteristics and strength qualities of rugby backs associate with 

high initial acceleration performance at the whole group level. However, due to the inter-individual 

differences in movement tendencies likely adopted during initial sprint acceleration, owing to 

differences in performer constraints, the results obtained at a whole group level may not 

necessarily be representative of different strategies adopted within the group (Dufek et al., 1995; 

Fisher et al., 2018; Glazier & Mehdizadeh, 2018). Therefore, information would be required to 
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identify whether different acceleration strategies exist across rugby backs. Determining a rugby 

back’s initial sprint acceleration strategy through ‘whole-body’ kinematic parameters, such as their 

spatiotemporal characteristics, may offer a macroscopic perspective on these potential strategies. 

This would be consistent with an ecological dynamics approach where information on system 

behaviour at a more holistic level is deemed “richer” than the makeup of its individual constituent 

parts (Button et al., 2020). Therefore, this led to the fifth and sixth research questions as follows: 

 

V. To what extent do whole-body kinematic strategies differ within a group of 

professional rugby backs according to the combination of their normalised 

spatiotemporal variables during the first four steps, and what are the differences in 

technical features and strength qualities between these strategies? 

VI. How stable are intra-individual whole-body kinematic strategies during initial 

acceleration in professional rugby backs? 

 

If whole-body acceleration strategies are stable (i.e., reliable) at the intra-individual level, it would 

be possible to longitudinally monitor these acceleration strategies for individuals. Since optimum 

technique can be considered as the motions yielding maximum performance for a given individual 

under the constraints applied to them (Hatze, 1973), this may provide a way to determine the 

technical variables of interest that individuals are reliant on for better acceleration performance, 

building on similar, previous work conducted on elite to world class level (Tiers 4 to 5; McKay et al., 

2022) sprinters and their performance during 100 m races (Salo et al., 2011). This information 

could then be used to apply individual-specific training interventions aimed at changing the 

acceleration strategies of rugby backs to enhance their sprint performance during the initial steps. 

Two further research questions were thus developed:  

 

VII. What are the within-individual relationships of whole-body kinematic strategies and 

normalised spatiotemporal variables with the initial acceleration performance of 

professional rugby backs during the first four steps? 

VIII. How do longitudinal individual-specific training interventions that focus on the 

variable(s) which specific professional rugby backs are reliant upon for better sprint 

performance affect their acceleration capabilities? 
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Finally, for practitioners to obtain actionable information to inform their sprint training interventions 

in a timely manner, the ability to reduce the time it takes to collect information is important. The use 

of a sprint performance measure like NAHEP was important so that acceleration performance 

could be assessed over the steps in which technical features were obtained. However, the way in 

which NAHEP was calculated in this thesis required multiple body locations to be digitised so that 

the CM could be determined at touchdown and toe-off. A more time-efficient way to measure 

acceleration performance during the initial steps that can provide the same insight as NAHEP, 

would reduce the time it would take practitioners to produce the information needed to individualise 

the sprint training of rugby backs. This led to a final research question:   

 

IX. How closely can the within-individual relationships of whole-body kinematic 

strategies and normalised spatiotemporal variables with NAHEP, and the within-

individual changes of these variables following individual-specific training 

interventions, be replicated using a more practical performance measure than 

NAHEP? 

 

 

1.4 Organisation of chapters 

1.4.1 Chapter 2  

A review of the literature relevant to this thesis is provided in Chapter 2. This includes literature 

investigating the kinetic and kinematic aspects of sprint technique adopted by sprinters and team-

sport athletes during the initial steps and the strength-based qualities of team sport players. How 

these technique and strength-based features are known to be associated with initial acceleration 

performance is also discussed, with perspectives given from an ecological dynamics standpoint to 

explain the control of movement features adopted during early acceleration due to the constraints 

operating on the performer. 

 

1.4.2 Chapter 3 

An investigation into the spatiotemporal and linear kinematic technical features of professional 

rugby forwards and backs and sprinters during the first three steps of sprinting is presented in 

Chapter 3. The relationships of the technical features adopted by rugby forwards, rugby backs and 
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sprinters with sprint performance are determined and the between group differences of these 

variables are also analysed to identify important technical features of interest for the initial 

acceleration performance of rugby backs. 

 

1.4.3 Chapter 4 

Focussing on rugby backs, in Chapter 4 the relationships of touchdown and toe-off angular 

kinematic variables with acceleration performance and the technical features of interest identified in 

Chapter 3 are determined. Selected technical features are also investigated to ascertain how, when 

combined in multiple linear regression models, they can collectively explain variation in initial 

acceleration performance to provide a more in-depth understanding of how high acceleration 

performance can be achieved through the adoption of different combinations of technical features. 

 

1.4.4 Chapter 5 

Chapter 5 presents the results of a study exploring the strength-based qualities of rugby backs. 

Relationships of strength-based qualities with initial acceleration performance and technique 

aspects of interest identified in Chapters 3-4 are determined to identify important strength 

capacities for the sprint performance of rugby backs during the initial steps.  

 

1.4.5 Chapter 6 

Using hierarchical cluster analysis to identify sub-groups of rugby backs according to their 

normalised combined spatiotemporal variables during the first four steps, this chapter identifies 

different acceleration strategies adopted by these athletes during initial sprint acceleration. The 

technical and strength-based features underpinning these different strategies are also presented 

and a reliability analysis of the characterisation of initial acceleration strategies is conducted, thus 

providing a rigorous and evidence-based framework for practitioners to longitudinally measure their 

technical sprint-training interventions. 

 

1.4.6 Chapter 7 

Applying the framework developed in Chapter 6, Chapter 7 presents the findings on how initial 

acceleration performance and technique change following individual-specific interventions applied 

to multiple individual professional rugby back case-studies across a 19-week period. The 

interventions applied are based on the specific needs of each individual whereby the whole-body 
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kinematic strategies, and individual normalised spatiotemporal variables, of each rugby back are 

measured across multiple occasions to identify the variable(s) they are reliant on for better initial 

acceleration performance. The results of these interventions demonstrate the potential 

effectiveness of an evidence-based approach for practitioners working with rugby backs or other 

team sport players to individualise their sprint-based practices, applying the understanding 

developed from the empirical research undertaken in Chapters 3-6 to a genuine high-performance 

environment in Rugby. 

 

1.4.7 Chapter 8 

The major findings from the research within this thesis are synthesised and discussed in Chapter 8. 

The research questions posed in Chapter 1 are addressed using the results from the investigations 

conducted in Chapters 3 to 7. The increased understanding of how professional rugby backs 

achieve high acceleration performance and a framework for practitioners to enhance the sprinting 

performance of these athletes during the initial steps using an individualised approach are 

highlighted. Finally, limitations of the current research and potential directions for future work are 

discussed.  
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CHAPTER 2: REVIEW OF LITERATURE 

 

2.1 Introduction 

  
This chapter reviews previously published work which has provided knowledge on kinematic and 

kinetic aspects of technique and strength-based qualities relevant to the performance of athletes 

during the initial steps of sprinting. Regardless of the sprint phase concerned, performance of any 

athlete is governed by their GRF characteristics. Although rugby backs will undertake training for a 

variety of performance reasons, to enhance their initial acceleration capabilities the purpose of 

developing technique and strength-related qualities should therefore be to yield the most 

favourable GRF during the initial steps of sprinting. Consequently, after introducing some of the key 

sprinting requirements for rugby backs during match-play the GRF determinants of early 

acceleration performance are discussed, before describing relevant technical features during the 

initial steps and the associations of strength-based qualities with the acceleration performance of 

athletes.  

 

No studies to date have investigated the GRF characteristics and technical features of rugby backs 

during initial acceleration. Therefore, given that most of the work in sprint biomechanics has been 

conducted on sprint athletes, a large proportion of the sections on GRF and technique during initial 

acceleration will be discussed in the context of this population with comparisons made with team 

sport players where possible. Finally, the efficacy of different interventions in the scientific literature 

aimed at enhancing early acceleration performance of team sport players are detailed. For the 

purposes of this current review, it can be assumed unless specified otherwise that the sprint efforts 

completed by sprinters and team sport players discussed in the research commenced from block 

and standing two-point split stance positions, respectively. The participants in the literature 

discussed are male unless otherwise stated and participant ability levels are described based on 

the Participant Classification Framework proposed by McKay et al. (2022) to provide an objective 

comparison of participants. This framework is also used throughout this thesis and a copy of the 

table defining the tiers used to describe participant ability levels from McKay et al. (2022; Table 1, 

p.319) can be found in Table A.1 (Appendix A). 
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2.2 Match-play sprinting demands for rugby backs 

 
A rugby union match is characterised by high-intensity activities performed intermittently by players 

for two 40-minute halves separated by a half-time break of no longer than 15 minutes. Within each 

team (n = 15 players), each player is designated their own position based on the requirements of 

their role in the different aspects of the game. Due to the different role requirements between the 

two major positional groups (backs and forwards) the predominance and type of activities they 

each undertake during a match and training differs. For example, at the professional level, it has 

been shown that sprinting accounts for 45% of the high intensity activities undertaken by backs 

during a match compared with approximately 26-30% of the high intensity activities completed by 

forwards (Austin et al., 2011a). For backs sprinting also accounts for a higher percentage of the 

total distance travelled during a match compared with forwards (e.g., in Cahill et al. [2012] backs 

covered 35% more of their total distance sprinting than forwards). Both anecdotally, and as shown 

by research in controlled testing settings (e.g., Duthie et al., 2006; Crewther et al., 2009; Zabaloy et 

al., 2020), backs accelerate faster and reach higher maximum sprint velocities compared with 

forwards. However, forwards are involved in more static exertions than backs (e.g., scrummaging, 

rucking, mauling; [e.g., Austin et al., 2011a; Deutsch et al., 2007; Roberts et al., 2008]), and 

typically possess greater absolute maximum strength levels (e.g., Zabaloy et al., 2020). These 

differences highlight the need for specialised training for each of these respective positional groups 

to prepare them for the competitive demands of the game.  

 

Owing to their role during competition, compared to forwards, backs generally operate in larger 

open-field spaces where speed is an important quality to penetrate the defensive line when 

attacking the opposition or during defensive cover situations (Till & Jones, 2015). On average, 

backs have been shown to perform between nine and 40 sprints during matches (Austin et al., 

2011b; Deutsch et al., 2007; Duthie et al., 2006; Roberts et al., 2008). Since the mean duration and 

distances of these sprints are typically between one to three seconds (Duthie et al., 2006; Deutsch 

et al., 2007; Roberts et al., 2008) and less than 20 m (Austin et al., 2011a; Austin et al., 2011b; 

Roberts et al., 2008) respectively, the initial acceleration capabilities of backs is important for high 

performance in rugby. Although the mean total sprint distance achieved by backs during a match is 

small relative to the mean total distance they cover (e.g., 207 m vs. 6127 m in Roberts et al. [2008] 

and 738 m vs. 5435 m in Austin et al., [2011b]), sprinting occurs during key game moments and 
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players with higher acceleration capacities have previously been shown to penetrate defensive 

lines and evade opposition players more frequently and score more tries (e.g., Smart et al., 2014). 

Collectively, this evidence highlights the importance of training interventions aimed at enhancing 

the sprint acceleration capabilities of rugby backs to prepare them for the specific demands of their 

on-field positional requirements. 

 

2.3 Ground reaction force production during initial sprint acceleration 

 
Ground reaction forces during sprinting can be separated into three orthogonal components: 

vertical, anteroposterior (hereafter termed “horizontal”) and mediolateral. Vertical and horizontal 

GRF have received the most attention within the literature and are of most interest in performance 

across all sprint phases (e.g., Mero, 1988; Morin et al., 2015a; Nagahara et al. 2018a; Weyand et 

al., 2000). Horizontal GRF during the stance phase of a sprint are typically divided into braking 

(negative) and propulsive (positive) phases. A braking GRF acts posteriorly and takes place early 

in stance, while a propulsive GRF acts anteriorly and occurs after the braking force. The impulses 

which are produced during stance are the product of the respective braking and propulsive forces 

and the durations they are applied for. Net propulsive impulse is then the propulsive impulse (time-

integral of the anterior GRF) minus the braking impulse (time-integral of the posterior GRF). If net 

propulsive impulse is positive, then acceleration during a step will have taken place in the 

horizontal direction. If the net vertical impulse is positive (where the time-integral of the vertical 

GRF exceeds that of the weight of the athlete’s body), then acceleration during a step will have 

taken place in the upwards vertical direction. Due to the impulse-momentum relationship, when 

expressed relative to body mass, vertical and horizontal impulses describe the change in velocity of 

an athlete’s CM (ignoring the effects of air resistance).  

 

2.3.1 Horizontal braking ground reaction force impulse characteristics 

 
As early as 1930, Fenn found that a runner loses some momentum when their foot strikes the 

ground (Fenn, 1930). This loss in momentum, and reduction in CM horizontal velocity, is indicative 

of the braking effects during early stance. If braking impulses can be reduced without negatively 

affecting the magnitude of propulsive impulse generated then, theoretically, net propulsive impulse 

will increase and so too will an athlete’s horizontal CM velocity throughout the acceleration phase. 

However, the reduction in velocity resulting from braking impulses produced by trained (Tier 2) 

sprinters (Macadam et al., 2019; Mero, 1988; Salo et al., 2005) and recreational (Tier 1) to trained 
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(Tier 2) team sport players (Bezodis et al., 2017; Kawamori et al., 2013; Murata et al., 2018; 

Nagahara et al., 2018a; Wdowski & Gittoes, 2020) during the initial steps (e.g., steps one to four) is 

small (0.01 to 0.04 m/s) and currently there is little support in the scientific literature that minimising 

the effects of braking will positively influence acceleration performance.  

 

Morin et al. (2015a) aimed to establish whether highly trained to elite (Tiers 3 and 4) sprinters (n = 

9; 100 m PB range 9.95-10.60 s) produced smaller braking impulses, greater propulsive impulses, 

or both during the acceleration phase. When comparing participants, they showed the maximum 

braking GRF of the fastest sprinter (100 m PB 9.95 s; Tier 4) to be at least twice that of the slowest 

sprinter (100 m PB 10.60 s; Tier 3) during the first step (approximately -8 N/kg vs. -3 N/kg) with 

visible differences during step three (approximately -8 N/kg vs. -5 N/kg) and step five 

(approximately -10 N/kg vs. -7 N/kg). Moreover, they found no significant relationship between 

braking impulse and sprint performance over 40 m (r = -0.295, p = 0.441).  

 

Over the course of a subsequent three-year period (2018-2021), five studies published findings 

demonstrating that the effects of braking were not significantly related to the performance of 

sprinters during the initial steps of acceleration, although they were significantly related to their 

performance in later acceleration phases (Murata et al., 2018; Nagahara et al., 2018b; Nagahara et 

al., 2021; Colyer et al., 2018; von Lieres Und Wilkau et al., 2020a). Regarding only the early 

acceleration phase, in the first step of trained (Tier 2) soccer players (Wdowski & Gittoes, 2020), 

neither maximum braking force (r = 0.21 [95% CI, -0.27 to 0.61], p = 0.38) nor braking impulse (r = 

0.35 [95% CI, -0.18 to 0.69], p = 0.15) were significantly related to 5 m sprint time. In trained (Tier 

2) team sport players, although Bezodis et al. (2017) observed time to 10 m to be significantly less 

(p < 0.01) in the control condition compared with two experimental conditions when different foci of 

attention were applied, the braking impulse and maximum braking GRF at 5 m (approximately step 

3) were not significantly different between conditions (p = 0.99 and 0.92). Furthermore, for trained 

(Tier 2) soccer players, a moderate negative and statistically significant relationship (approximately 

r = -0.38, p < 0.05) was found between braking impulse averaged over the first four steps and 

average velocity when controlling for stature and body mass (Murata et al., 2018). That is, greater 

braking impulses were associated with higher velocities over these initial steps. Furthermore, in the 

trained (Tier 2) team sport players investigated by Kawamori et al. (2013), braking impulse during 

the first step and at the 8 m mark was not shown to be significantly related to 10 m sprint time (r = -
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0.22 and 0.06, p < 0.01). Both Murata et al. (2018) and Kawamaori et al. (2013) reasoned that the 

magnitude of braking impulse in the initial acceleration phase is so small that any attempt to 

maximise it (Murata et al., 2018) or to minimise it (Kawamori et al., 2013) may not contribute 

meaningfully to acceleration performance, thus supporting the findings discussed regarding the 

likely lack of influence of braking on the initial acceleration performance of sprinters.   

 

The prospect of braking providing some advantages to sprint performance cannot be ruled out 

either. For example, the braking force could be involved in the storage of elastic energy (Cavagna 

et al., 1971). Others have also ruminated whether it is possible that an attempt to minimise braking 

may possibly reduce the potential to generate propulsion for the remainder of the stance phase 

(e.g., Haugen et al., 2019a). While the effects of braking GRF characteristics on sprint performance 

during the initial steps may appear to be small, research conducted on sprinters conclusively 

demonstrates the influence of propulsive GRF characteristics on early acceleration performance, 

although the findings are not so conclusive in the research of team sport athletes, as discussed 

next. 

 

2.3.2 Horizontal propulsive ground reaction force impulse characteristics 

 
Over successive steps in acceleration the reductions in propulsive impulse which occur have been 

shown to contribute mainly to the decrease in net propulsive impulse, and thus the decrease in 

horizontal CM change in velocity, produced across the acceleration phase of sprinters (Morin et al., 

2015a). The same researchers also observed a very large positive relationship between propulsive 

impulse and sprint performance over 40 m (r = 0.80; p = < 0.01). When comparing the ‘fastest’ and 

‘slowest’ athletes, higher maximum propulsive GRF were produced by the former during the early 

steps of the sprint (steps one, three and five; Morin et al., 2015a). These data suggest that 

producing large propulsive GRF and propulsive impulses are important to performance during the 

acceleration phase.   

 

At the 2.9 ± 0.2 metre mark (55% of maximal running speed of participants), Nagahara et al. 

(2018b) showed that the propulsive (approximately 0.95 m/s), but not the net propulsive 

(approximately 0.91 m/s) impulse produced by sprinters was significantly associated with 

instantaneous acceleration derived from the velocity-time curve (standardised β coefficient = 0.72, 

p = 0.03). They also showed that both the average propulsive and average net propulsive GRF 
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produced were significantly associated with acceleration at that instant (standardised β coefficients 

= 0.60, p = 0.01 and 0.40, p 0.01; Nagahara et al. 2018b). Macadam et al. (2019) found the start 

condition (block start) resulting in better performance (time to 5 m) of sprinters also resulted in 

statistically significant larger net propulsive impulses (increase in velocity of 0.819 ± 0.053 m/s vs. 

0.766 ± 0.041 m/s, d = -1.12 [-2.06 to -0.17]) and propulsive impulses (0.858 ± 0.045 m/s vs. 0.800 

± 0.041 m/s, d = -1.35 [-2.32 to -0.37]) averaged over the first four steps, compared with the 5 m 

times in the worse performing condition (standing two-point split-stance start). Nagahara et al. 

(2021) observed large to very large (approximately r = 0.60 to 0.80, all p < 0.05) significant positive 

relationships between the mean net propulsive GRF of sprinters during each of their first four steps 

and their acceleration magnitude. Large to very large relationships (approximately r = 0.55 to 0.72, 

all p = < 0.05) were observed between average propulsive GRF and acceleration in steps one to 

three, although the same relationship in step four was small and not statistically significant 

(approximately r = 0.29, p > 0.05). However, the relationships between maximum propulsive force 

and acceleration in each of the four initial steps were trivial to moderate and not statistically 

significant (Nagahara et al., 2021).  Although large mean horizontal GRF are clearly important for 

achieving high propulsive impulse and appear to be important for the initial acceleration 

performance of sprinters, given that impulse is the product of force and time, the duration over 

which impulses are produced also need to be considered. However, few studies have investigated 

how important the time aspect is when producing these impulses (e.g., von Lieres Und Wilkau et 

al., 2020a) which, when considering the aim of a sprint is to cover a specific distance in the 

shortest timeframe possible, is surprising. 

 

In the third step, von Lieres Und Wilkau et al. (2020a) observed very large significant relationships 

of mean horizontal and propulsive impulse produced by male and female trained (Tier 3 sprinters 

with NAHEP (both approximately r > 0.75, p < 0.001). The researchers also observed very large to 

practically perfect positive and significant relationships of NAHEP in the third step with maximum 

propulsive GRF (approximately r = 0.80, p < 0.001), average propulsive GRF and average 

horizontal GRF (r ≥ 0.90, p < 0.001). Moreover, a very large negative significant relationship 

between propulsive duration and NAHEP in the third step was found (r = -0.80, p < 0.001). That is, 

higher magnitudes of NAHEP were produced by sprinters in the third step who also produced 

propulsive forces rapidly. The importance of the time of propulsive GRF application was reinforced 

through their regression analysis where the combination of average propulsive GRF and propulsive 
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time contributed the most (61%) to the variance in NAHEP in the third step (von Lieres Und Wilkau 

et al., 2020a). Producing large magnitudes of propulsive GRF and propulsive impulse and in short 

propulsive timeframes appear to be important for the performance of sprinters during the initial 

steps. However, the importance of these GRF characteristics to the initial acceleration performance 

of team sport players is less clear. 

 

In team sport players, a change in velocity of 0.52 ± 0.10 m/s to 1.14 ± 0.27 m/s has been 

observed in the first step of sprinting and a number of GRF characteristics in this step have been 

correlated to 5 m and 10 m sprint time (Kawamori et al., 2013; Wdowski & Gittoes, 2020). In 

recreationally active to trained (Tiers 1 to 2) participants competing in a range of team sports, only 

small statistically non-significant relationships were observed for the net propulsive impulse (r = -

0.28) and propulsive impulse (r = -0.29) produced in their first step with their 10 m time (Kawamori 

et al., 2013). In Tier 2 soccer players, only trivial to small statistically non-significant relationships 

were observed (r = -0.01 [95% CI, -0.46 to 0.45] to r = -0.29 [95% CI, -0.66 to 0.19]) for the 

propulsive impulse (1.02 ± 0.12 m/s), maximum propulsive GRF (7.95 ± 0.69 N/kg) and mean 

horizontal GRF (4.41 ± 0.49 N/kg) produced in their first step with their 5 m time (Wdowski & 

Gittoes, 2020). Bezodis et al. (2017) also obtained the GRF of team sport players in a single step 

(at the 5 m mark) during 10 m sprints and observed statistically significantly worse (i.e., longer) 10 

m times during the experimental conditions (when an internal or external focus of attention was 

applied). However, no significant change in net propulsive impulse (control condition was 0.46 ± 

0.05 m/s), propulsive impulse (control condition, 0.51 ± 0.06 m/s), maximum propulsive GRF or 

mean horizontal GRF were found between conditions (p = 0.20 to 0.97; Bezodis et al., 2017). 

Although a single step (e.g., first step or a step at 5 m) during a short sprint is clearly important to 

the early acceleration phase, sprint performance over a given distance is influenced by all steps 

taken during that sprint. The other steps taken by the participants in these investigations may 

therefore have masked the contribution of the GRF characteristics produced to their 10 m (Bezodis 

et al., 2017; Kawamori et al., 2013) or five-metre (Wdowski & Gittos, 2020) sprint performance. 

 

Lockie et al. (2013) obtained GRF measures from three steps taken by 22 trained (Tier 2) team 

sport players (mass 83.6 ± 7.4 kg) during 10 m sprints. The relationships of mean velocity over 

distance intervals (0-5, 5-10 and 0-10 m) with GRF and impulses during the first, second and final 

contact phase of 10 m sprints were determined. They reported that the changes in velocity due to 
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horizontal impulses produced during the first (0.18 ± 0.03 m/s), second (0.26 ± 0.05 m/s) and last 

contact phase of ten metre sprints (0.16 ± 0.04 m/s) were not significantly related to mean velocity 

over any of the distance intervals (r = -0.16 to 0.19, p = 0.28 to 0.98). They also found no 

significant relationships of maximum propulsive force during the first (1.00 ± 0.18 N/kg), second 

(1.11 ± 0.14 N/kg) and last contact phase (0.92 ± 0.22 N/kg) of 10 m sprints to exist with mean 

velocity over any of the sprint distance intervals (r = -0.23 to 0.15, p = 0.28 to 0.84; Lockie et al., 

2013). These findings conflict with the aforementioned research on sprinters which suggests the 

production of large propulsive GRF and propulsive impulses are important to their performance 

during the acceleration phase. However, the GRF of participants were obtained by Lockie et al. 

(2013) on a separate day to when their sprint performance over the distance intervals was 

measured. Therefore, it is feasible that the relationships observed by the researchers could have 

been different had the mean horizontal impulses and maximal propulsive forces of participants 

been obtained during the sprint efforts in which their acceleration performance was measured. 

Furthermore, impulse was not calculated correctly (force was divided, rather than multiplied, by 

time) by Lockie et al. (2013), which explains why the impulse values reported are noticeably lower 

than in the other research discussed in this literature review. Therefore, the impulse findings from 

this study should be disregarded. 

 

When the relationships between impulse measures averaged over the first four steps and mean 

velocity over the same steps were determined for soccer players (Murata et al., 2018), similar 

findings were observed to the previous findings in sprinters discussed in this literature review. 

Controlling for stature and body mass, the changes in velocity due to net propulsive impulse (0.72 

± 0.04 m/s) and propulsive impulse (0.76 ± 0.04 m/s) were largely and significantly related to mean 

velocity during the first four steps (approximately r = 0.65 and 0.70, respectively). However, since 

the velocity of an athlete increases with distance and each successive step during acceleration (as 

shown by the same authors; Murata et al., 2018), higher mean step velocities are likely to be 

influenced by the magnitude of the step lengths being produced during the first four steps. That is, 

those with longer step lengths could feasibly produce higher velocities averaged over the first four 

steps since they will have advanced further in a sprint compared with those who produce shorter 

step lengths (provided the differences in step rate are not sufficient to offset the influence of step 

length on step velocity). This is supported by the relationship Murata et al. (2018) observed 

between step length and mean velocity over the first four steps, which was large and statistically 
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significant (approximately r = 0.70, p > 0.05). If the sprint distance was standardised over which 

sprint performance was measured (e.g., time to 5 m), it is feasible that different magnitudes in the 

relationships of net propulsive impulse, propulsive impulse and step length with acceleration 

performance would have been observed (Murata et al., 2018). Furthermore, the velocities athletes 

have attained by the instant of the first contact phase will also affect the magnitude of their 

successive step velocities, thus mean velocity may not have been a ‘true’ measure of their 

acceleration performance over the first four steps. An alternative and commonly used measure of 

initial acceleration performance, such as NAHEP (e.g., Bezodis et al., 2010; von Lieres Und Wilkau 

et al., 2020a), which accounts for the velocity of the athlete prior to commencing the step(s) over 

which their acceleration performance is being measured may have been a more appropriate choice 

and may have resulted in different findings than those observed by Murata et al. (2018). 

 

The data discussed in this literature review so far suggests that attempting to minimise braking 

impulses and braking GRF may not be beneficial to the acceleration performance of sprinters or 

team sport players. Furthermore, whilst maximising propulsive impulse and mean propulsive GRF 

during short propulsive times appears to be important for sprinters, it is not clear to what extent this 

is true for team sport players due to the limited amount of research and the potential limitations of 

the methods as discussed in the context of team sport players. 

 

2.3.3 Vertical ground reaction force impulse characteristics 

 
The production of sufficient vertical impulse is necessary to overcome the negative (downwards) 

vertical acceleration due to gravity in order to support bodyweight. However, no significant 

relationships have been observed between vertical impulse (total or net) and initial acceleration 

performance in sprinters (e.g., von Lieres Und Wilkau et al., 2020a), or in team sport players 

(Kawamori et al., 2013; Lockie et al., 2013; Murata et al., 2018; Wdowski & Gittoes, 2020). In fact, 

significant negative relationships have been shown between vertical impulse and acceleration 

magnitude at the 2.9 ± 0.2 m mark (Nagahara et al., 2018b) and with acceleration performance 

across the whole acceleration phase (Morin et al., 2015a; Rabita et al., 2015) of sprinters. 

Significantly greater vertical impulses at 5 m have also been shown to be produced during 

significantly longer 10 m sprint times of team sport players (Bezodis et al., 2017). Likely positive 

moderate relationships were observed between the maximum and mean vertical GRF produced 

during the third step of sprinters and NAHEP in the same step (approximately r = 0.49 and 0.45, p 
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< 0.05; von Lieres Und Wilkau et al., 2020a), although other studies have not found significant 

relationships between vertical GRF and the acceleration performance of sprinters or team sport 

players during the initial steps (e.g., Lockie et al., 2013; Nagahara et al., 2021; Nagahara et al., 

2018b; Wdowski & Gittoes, 2020). On the whole, vertical impulses and for the most part maximum 

and mean vertical GRF are not key determinants of initial acceleration performance.  

 

Given the negative associations which have been observed between vertical impulse and 

acceleration performance (e.g., Morin et al., 2015a; Nagahara et al., 2018b) attempts to increase 

vertical impulse during initial sprint acceleration may negatively affect sprint performance since this 

would lead to greater flight times and therefore proportionally less time during ground contact 

accruing horizontal propulsive impulse. This is supported by Nagahara et al. (2018a) and Rabita et 

al. (2015), where the former found vertical impulses of soccer players to be significantly correlated 

to flight time during the first four steps (r = 0.48; p = 0.002; Nagahara et al., 2018a) whilst the latter 

observed elite (Tier 4) sprinters to produce substantially smaller flight times (d = 1.04-1.14) and 

smaller averaged relative vertical GRF (d = 0.59) relative to well-trained (Tier 3) sprinters and no 

substantial differences in contact times were evident (d = 0.00-0.07) over 40 m (Rabita et al., 

2015). These data suggest that limiting vertical GRF may be of value to early acceleration 

performance which, if the resultant GRF magnitude is not altered in the process, would result in a 

greater horizontal GRF component (i.e., a more anteriorly directed GRF vector) which has 

previously been shown to be a key determinant of sprint acceleration performance (e.g., Morin et 

al., 2011).   

 

2.3.4 Ground reaction force vector orientation during acceleration 

 
Whilst considering the horizontal and vertical force components can aid the understanding of 

sprinting, they are part of a single GRF vector and thus cannot be independently altered. Higher 

vertical forces during acceleration would likely result in either shortened contact times or longer 

flight phases. The former would potentially reduce the time during which propulsive forces could be 

applied whereas the latter may delay subsequent steps and consequently CM acceleration. The 

most favourable impulse profile for acceleration, it has been suggested, is one in which sufficient 

vertical impulse is generated to overcome gravity and create a flight time long enough for 

repositioning of the lower limbs, whilst all other ‘strength reserves’ are applied horizontally in order 

to maximise acceleration (Hunter et al., 2005). A more forward oriented resultant GRF vector would 
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therefore seem important for forward propulsion during acceleration. This was evident in a cross-

sectional study which investigated GRF relating to body position in the first step of a sprint from a 

standing start and at 2.5 m during accelerations from rolling starts (Kugler & Janshen, 2010). They 

found that the mean angle of the GRF vector to the vertical when maximum resultant GRF was 

produced by physical education students (training status was not provided; 28 males, mass 74 ± 8 

kg; 13; females, mass 63 ± 6 kg) was 22° (standard deviations were not reported, but estimated to 

be approximately 4°) and very strongly and significantly correlated with propulsive impulse (r = 

0.96, p = 0.001), but not to the maximum GRF magnitude. Greater propulsive impulses were 

demonstrated by the faster participants during the second half of stance where they were shown to 

achieve greater CM angles (i.e., angle of the CM to the point of ground contact with respect to the 

vertical). The faster runners attained higher running speeds by applying more forward oriented, but 

not greater maximum ground reaction forces (Kugler & Janshen, 2010).  

 

Morin et al. (2011) found that the total GRF (1170 ± 151 N) averaged over the first four seconds of 

a sprint on an instrumented treadmill did not correlate significantly to acceleration performance 

(measured as distance covered in four seconds on a synthetic running track during a 100 m sprint). 

However, they observed that the ability of the 12 trained (Tier 2) physical education students to 

produce more net propulsive GRF as a proportion of the mean resultant GRF (mean ratio of force 

[RF] over the four second sprints) did correlate significantly (r = 0.69, p < 0.05) with acceleration 

performance. This relationship was similar to that between mean net propulsive GRF relative to 

mass (3.2 ± 0.5 N/kg) and acceleration performance on the running track (r = 0.62, p < 0.05; Morin, 

et al., 2011). This suggests that the RF produced is likely a key determinant of acceleration 

performance over four second sprints, although from this information, it is not clear how important 

the RF is for acceleration performance during the initial steps alone. 

 

Subsequent to the work of Morin et al. (2011), the RF has been shown to relate significantly to the 

initial acceleration performance of sprinters (e.g., Bezodis et al. 2020; von Lieres Und Wilkau et al., 

2020a). The RF (31.0 ± 3.2%) was very strongly related to NAHEP during the third step of sprinters 

(approximately r = 0.90, p < 0.001; von Lieres Und Wilkau et al., 2020a). In an investigation by 

Bezodis et al. (2020) who aimed to establish the importance of RF to the early acceleration 

performance of 24 trained (Tier 2) sprinters, very large relationships were observed between the 

ability to produce a high mean RF over the first four steps from block and standing starts (r = 0.88 
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and 0.84 respectively, p = 0.001).  Interestingly, when mean RF and mean resultant GRF 

magnitude were added to a multiple regression model to predict performance, the standardised β 

coefficient for mean RF (β = 0.82, p < 0.001) was more than eight times greater than that for the 

mean resultant GRF magnitude (β = 0.10, p = 0.47) from a block start, whereas from a standing 

start the standardised β coefficients were noticeably more comparable (β = 0.58, p < 0.001 [RF 

mean] and 0.42, p < 0.01 [mean resultant GRF]; Bezodis et al., 2020). This suggests that, whilst a 

high mean RF is important to early acceleration performance of sprinters, the mean resultant GRF 

magnitude over the initial steps may also be important from a standing start, which has obvious 

connotations for team sport players, like rugby backs who do not start from the blocks when 

sprinting maximally in competition and training.  

 

Utilising four different start conditions, Slawinski et al. (2017) aimed to determine which type of start 

resulted in better 5 m sprint performances of trained (Tier 2) physical education students who 

competed in a range of sports, and how these different start conditions altered the GRF 

characteristics of these participants. Compared to other experimental conditions (parallel, false and 

jump starts), significantly greater (p ≤ 0.05) mean RF (35.9 ± 4.0% vs. 20.6 ± 5.5% to 28.4 ± 3.1%) 

and mean total GRF during the start (defined from the instant the rear foot first left the ground to 

the instant the front foot left the ground) were observed when participants employed a crouched 

three-point split-stance start, which also led to significantly faster 5 m sprint times. During a single 

step at the five-metre mark, Bezodis et al. (2017) observed the 10 m sprint times of team sport 

players were likely quickest during the control condition where RF was also highest compared with 

the experimental conditions (25.2 ± 2.5% vs. 23.5 ± 3.1% and 23.9 ± 2.2%, p = 0.02), but 

significant differences were not observed between maximum or mean resultant GRF magnitudes. 

These studies highlight the importance of a more horizontally directed GRF vector during initial 

acceleration, but not necessarily the magnitude of the resultant GRF vector. Despite this research 

which reinforces the importance of RF and GRF vector orientation to the initial acceleration 

performance, the significance of these features to the acceleration performance of team sport 

players during the initial steps is not always supported (e.g., Lockie et al., 2013; Wdowski & 

Gittoes, 2020).  

 

In soccer players during the first step, Wdowski and Gittoes (2020) found neither the maximum 

GRF angle or mean resultant GRF angle (37.9 ± 3.9° and 19.7 ± 1.2° respectively) were 
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significantly related to the 5 m times of participants (r = -0.19 [95% CI -0.59 to 0.29], p = 0.22 and r 

= 0.13 [95% CI -0.35 to 0.55], p = 0.31 respectively). Similarly, the RF and angle of the resultant 

GRF during the first (46.5 ± 6.7% and 27.8 ± 4.2°), second (48.7 ± 5.5% and 29.2 ± 3.6°) and last 

contact phase (34.7 ± 8.4% and 20.4 ± 5.2°) in 10 m sprints were not significantly related (r range: 

RF = -0.22 to 0.08; angle of resultant GRF: -0.37 to -0.11) to 5 m and 10 m sprint times or to the 5-

10 m split of team sport players (Lockie et al., 2013). The lack of significant relationships was 

unexpected given the practically perfect positive relationship observed by Kugler and Janshen 

(2010) between the angle of the resultant GRF at the instant of maximum GRF application and the 

magnitude of propulsive impulse during the first step of physical education students. However, 

Lockie et al. (2013) suggested that the participants in their research had developed a ‘suitable’ RF 

for acceleration, resulting from the requirement to frequently complete short sprints in their sport, 

which was superior to that measured by Kugler and Janshen (2010). For instance, the team sport 

players (Tier 2; Lockie et al., 2013) produced a greater RF in the first and second steps (by 

approximately 9 and 11%) compared with the RF of the physical education students (RF in Kugler 

and Janshen [2010] was estimated by Morin et al. [2011] to be 37.5%). The angles of the resultant 

GRF during the first and second steps (Lockie at al., 2013) were also greater than the angle of the 

resultant GRF at the instant of maximum GRF application observed by Kugler and Janshen (2010) 

in physical education students (Tier 1) by approximately 6 and 7°, respectively. These findings 

suggest that the magnitude of RF and GRF orientation achieved by athletes, as well as their 

training status, may influence the contribution of these features to initial acceleration performance.     

 

Although not always clear in the context of team sport players, collectively the research discussed 

in this section of the literature review suggest that achieving rapid and large propulsive GRF and a 

high RF are important factors for initial acceleration performance. While the external kinetic 

determinants of initial acceleration performance are relatively well established in the literature, the 

aspects of technique adopted by athletes to achieve high initial acceleration performance is less 

clear. This is likely due to the complex multi-articular nature of sprinting where multiple degrees of 

freedom (independent components; muscles, joints, body and limb segments) are required to 

coordinate to yield these favourable GRF characteristics. An understanding of the kinematic 

features of technique (e.g., spatiotemporal variables, body position and joint kinematics) and joint 

kinetics during the initial steps, therefore, would provide insights into the movement strategies 
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adopted by athletes, and the relative muscular contributions, to bring about favourable changes to 

GRF characteristics and thus initial sprint acceleration performance.  

 

2.4 Touchdown and toe-off characteristics and joint kinematic and kinetic research 

 
Body configuration and joint kinematics provide descriptions of an athlete’s technique during 

sprinting. While an accurate description of the movement patterns used during sprinting can be 

obtained from such data, knowledge of the underlying joint kinetics is required for a more complete 

understanding of the causes of the movement. In the following section, touchdown and toe-off 

characteristics and joint kinematic and kinetic research will be discussed during the late swing and 

stance phases of accelerative sprinting. Attempts to link technique to favourable GRF production 

as identified above – namely maximising RF and large propulsive GRF – will form the primary 

focus of the literature reviewed.  

 

2.4.1 Touchdown velocities 

 
The velocity of the foot at touchdown has previously been linked to the GRF application of athletes 

during initial acceleration (e.g., von Lieres Und Wilkau, 2017), mid-acceleration (e.g., Hunter et al., 

2005) and maximum velocity (e.g., Clark et al., 2017) sprint phases and is a function of the hip and 

knee angular velocities achieved at touchdown  For example, studies investigating joint mechanics 

during the first two steps of a sprint have shown that coupled hip extensor and knee flexor 

moments are utilised during the late swing phase (e.g. Debaere et al., 2017; Debaere, et al., 

2013a) likely to decelerate the limb prior to foot contact, which, in turn, has previously been 

reported to be a factor which affects braking GRF and impulse magnitudes during acceleration 

(Hunter et al., 2005; von Lieres Und Wilkau, 2017). Furthermore, a greater angular velocity of the 

thigh during the late swing phase has been suggested to lead to greater lower limb vertical velocity 

at touchdown and, in turn, the production of higher mass specific vertical GRF (e.g., Clark et al., 

2020). Although findings during maximum velocity sprinting are not necessarily replicated in the 

initial acceleration phase, it is logical to deduce that the angular velocities of the hip and knee, and 

their constitutent segments, as well as hip and knee joint moments will directly influence the 

acceleration of the foot into the ground and consequently the GRF characteristics produced.         

 

Angular velocities at touchdown and late swing joint moment and power peaks for the hip and knee 

can be found in Tables 2.1 and 2.2 respectively for initial steps of acceleration. Caution should be 
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applied when comparing such data between studies due to differences in methodology, participant 

ability and the accuracy through which such data can be obtained. Late swing phase hip and knee 

joint kinematics and kinetics are variable across the literature. In late swing during the initial steps, 

a hip extensor moment and positive hip power are present as the hip extends into ground contact 

(Debaere et al., 2013a; Debaere et al., 2017). Hip moments and power peak shortly before contact 

while hip angular velocity reaches its maximum at the instant of touchdown (Debaere et al., 2013a; 

Debaere et al., 2017).  After the swing leg hip reaches its minimum angle during the late swing 

phase, the ipsilateral knee begins to extend as a knee flexor moment decelerates the rate of knee 

extension (energy absorption). During the initial steps the knee has also been shown to continue to 

extend into ground contact (Debaere et al., 2013a; Debaere et al., 2017). The majority of research 

investigating hip and knee joint mechanics in the late swing phase during the intial steps has been 

conducted descriptively and without investigating associations with other technical features of 

interest, GRF characteristics or acceleration performance. 

 

Only one study has attempted to link hip and knee angular velocity at touchdown with technical 

features of interest during the initial steps of a sprint. Bezodis et al. (2017) investigated the effects 

verbal instructions on alterations to the force vector orientation within 18 male team sport players 

during a step at the 5 m mark of a 10 m sprint. They found in the control condition (where the only 

instructions given were to “complete the 10 m sprint as quickly as possible”) that athletes produced 

superior sprint performance (10 m times) compared with the conditions in which additional internal 

and external cues were given (Bezodis et al., 2017). The enhanced performance was mainly 

attributed to an increase in RF (control condition = 25.2 ± 2.5%; internal focus condition = 23.5 ± 

3.1%; external focus condition = 23.9 ± 2.2%) which was accompanied by a possible or likely 

change in hip extension angular velocity at touchdown (a greater extension angular velocity was 

evident in the control condition which produced the highest RF and better [i.e., shorter] 10 m sprint 

times). However, hip extension angular velocity was not associated with touchdown distance 

(horizontal distance between the foot and CM at touchdown), foot touchdown velocity or braking 

force and braking impulse. Furthermore, no significant main effect of the acute interventions was 

evident on knee angular velocity at touchdown and therefore it is not possible to imply whether any 

associations may exist between this variable and other technical features of interest (Bezodis et al., 

2017). Interestingly, there was a significant main effect on ankle angle and knee angle at 

touchdown where the ankle and knee joints were more dorsiflexed and flexed at touchdown, 



38 
 

respectively. Thus, these touchdown kinematics and greater hip extension angular velocity at 

touchdown may precede a more horizontally oriented force vector during the stance phase in the 

initial sprint steps. 

 

Due to the scarcity of research investigating joint mechanics during the late swing and at 

touchdown and their associations with potentially important technical aspects during initial sprint 

acceleration, it is not clear whether achieving high hip and knee extension velocities at the instant 

of touchdown are advantageous to sprint performance. More cross-sectional comparisons would 

be necessary to determine whether such relationships are apparent. Nor is it possible to ascertain 

fully how hip and knee angular velocities during the late swing phase and at touchdown influence 

the touchdown velocity of the foot during the initial acceleration phase. 



 

 
 

3
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Table 2.1. Late swing hip extensor moment and hip positive power peaks, and peak hip extension angular velocity at the instant of touchdown across a number of 
different steps and distances within initial sprint acceleration. Standard deviations are absent where precise values have not been reported in the original source. Mean 
data for participants are presented.  

Step 
number 

Distance 
(to nearest 

m) 

Source Athlete status Peak hip 
extensor 

moment (Nm) 

Peak hip 
power (W) 

Hip extension 
angular velocity 

(°/s)  
 
1 
 
  

- 
 
  

Debaere et al. (2013) 
 
  

 
21 trained (Tier 3) sprinters (11 males, PB 100m = 
10.62 s; 10 females, PB 100 m = 11.89 s) 
  

220 ± 9 
 
  

2000 
 
  

600 
 
  

1 
 
 
  

- 
 
 

  

Debaere et al. (2017) 
 
 
  

43 developmental (Tier 2) male and female sprinters  
ranked within the top 20 nationally of their age 
category (11 under 16 and 18 under 18 age groups 
and 14 adults) 
  

294 ± 8 
 
 

  

2590 ± 75 
 

 
  

- 
 

 
  

1 
  

- 
  

Charalambous et al. (2012) 
  

1 elite (Tier 4) sprint hurdler (PB 110m hurdles = 
13.48) 
  

- 
  

- 
  

184 
  

1 
 
  

- 
 

  

Bezodis et al. (2014) 
 
  

3 elite (Tier 4) sprinters (2 males, PB 100 m = 10.14 
and 10.28 s; 1 female, PB 100 m hurdles = 12.72 s) 
  

- 
 

  

- 
 

  

644 
 

  
2 
 

  

- 
 

  

Debaere et al. (2013) 
 
  

21 trained (Tier 3) sprinters (11 males, PB 100m = 
10.62 s; 10 females, PB 100 m = 11.89 s) 
  

286 ± 1 
 

  

2328 
 

  

600 
 

  

2 
 

 
  

- 
 

 
  

Debaere et al. (2017) 
 
 
  

43 developmental (Tier 2) male and female sprinters  
ranked within the top 20 nationally of their age 
category (11 under 16 and 18 under 18 age groups 
and 14 adults) 
  

321 ± 5 
 

 
  

- 
 

 
  

- 
 

 
  

- 
 
  

5 m 
 
  

Bezodis et al. (2017) 
 
  

18 trained (Tier 2) team sport players (Gaelic 
football, rugby union, soccer) 
  

- 
 
  

- 
 
  

474 ± 111 
 
  

 
 



 
 

Table 2.2. Late swing phase knee moment and power peaks and touchdown extension angular velocity, during different steps and distances within a sprint. Standard 
deviations are absent where precise values have not been reported in the original source. Mean data for participants are presented. 
  

Step 
number 

Distance (to 
nearest m) 

Source Athlete status Peak knee 
extension 
angular 

velocity (°/s) 

Knee extension 
angular velocity 

at touchdown 
(°/s) 

Peak knee 
flexor 

moment (Nm) 
  

Peak 
negative 

knee 
power (W)  

 
1 

 
  

- 
 
  

Debaere et al. (2013) 
 
  

21 trained (Tier 3) sprinters (11 males, PB 
100m = 10.62 s; 10 females, PB 100 m = 
11.89 s) 
  

460 
 

  

400 
 

  

93 ± 3 
 

  

665 
 

  

1 
 
 
  

- 
 

 
  

Debaere et al. (2017) 
 
 
  

43 developmental (Tier 2) male and female 
sprinters ranked within the top 20 nationally 
of their age category (11 under 16 and 18 
under 18 age groups and 14 adults) 
  

- 
 

 
  

- 
 

 
  

100 ± 4 
 

 
  

700 ± 37 
 
 
  

1 
 
  

- 
 

  

Charalambous et al. 
(2012) 
 
  

1 elite (Tier 4) sprint hurdler (PB 110m 
hurdles = 13.48) 
 
  

- 
 
  

80 
 
  

- 
 
  

- 
 
  

1 
 
  

- 
 
  

Bezodis et al. (2014) 
 
  

3 elite (Tier 4) sprinters (2 males, PB 100 
m = 10.14 and 10.28 s; 1 female, PB 100 
m hurdles = 12.72 s)  

- 
 

  

- 
 
  

- 
 
  

480 
 
  

2 
 
  

- 
 
  

Debaere et al. (2013) 
 
  

21 trained (Tier 3) sprinters (11 males, PB 
100m = 10.62 s; 10 females, PB 100 m = 
11.89 s) 
  

570 
 
  

285 
 

  

120 ± 1 
 
  

665 
 
  

2 
 
 

  

- 
 

 
  

Debaere et al. (2017) 
 
 
  

43 developmental (Tier 2) male and female 
sprinters ranked within the top 20 nationally 
of their age category (11 under 16 and 18 
under 18 age groups and 14 adults) 
  

- 
 

 
  

- 
 

 
  

113 ± 3 
 

 
  

- 
 
 
  

- 
 
  

5 m 
 
  

Bezodis et al. (2017) 
 
  

18 trained (Tier 2) team sport players 
(Gaelic football, rugby union, soccer) 
  

- 
 
  

66 ± 130 
 
  

- 
 
  

- 
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Minimising the forward horizontal velocity of the foot (foot touchdown velocity) immediately before 

contact has previously been reported to be a factor which affects braking GRF and impulse 

magnitudes during acceleration (Hunter et al., 2005; von Lieres Und Wilkau, 2017). However, the 

effect of foot touchdown velocity on propulsive GRF characteristics is not typically considered, and 

only a limited number of studies have investigated foot touchdown velocity during the initial steps. 

 

During the first post-block step, Bezodis et al. (2014) measured the foot touchdown velocities of 

three elite (Tier 4) sprint athletes (males: n = 2, mass 82.6 and 86.9 kg, 100 m PB 10.14 and 10.28 

s; female: mass 60.5 kg, 100 m hurdle PB 12.72 s). They observed foot touchdown velocity to 

increase concurrently with maximum braking force magnitude in the three participants during the 

first step (0.003 ± 0.178; 0.779 ± 0.132 and 2.293 ± 1.506; data were normalised to dimensionless 

numbers by dividing values by [gravity/leg length]½). However, a pattern was not observed between 

foot touchdown velocity and maximum propulsive GRF or average horizontal external power 

(Bezodis et al., 2014). During the first stance phase of World Class (Tier 5) sprinters (mean ± SD: 

60 m PB 6.51 ± 0.01 s; mass not obtained) foot touchdown velocities of 0.24 ± 0.86 m/s were 

observed and, although the relationship between this technical feature and GRF characteristics 

were not investigated, a small statistically insignificant relationship (r = 0.15) was found between 

foot touchdown velocity and NAHEP (Walker et al., 2021). By the third step the braking impulse 

magnitudes of ten trained (Tier 3) sprinters (mean ± SD: mass 75.1 ± 3.4 kg, 100 m PB: 10.85 ± 

0.30 s) produced by accelerations at the foot-floor interface, von Lieres Und Wilkau et al. (2017) 

showed foot touchdown velocity to be 0.57 ± 0.91 m/s, generating 143 ± 72% of the total relative 

braking impulse.  

 

Whilst foot touchdown velocity may be related to the braking horizontal GRF of sprinters, its 

correlation to the propulsive GRF is not clear. In a mix of team sport players and track & field 

athletes (Tier 1 to Tier 3), Morin and colleagues (2015b) found backwards horizontal velocity (5.27 

± 0.77 m/s) of the foot relative to the ipsilateral greater trochanter just before initial foot-ground 

contact was not related to the net propulsive GRF of 14 males familiar with sprint running during six 

second sprints on an instrumented motorised treadmill. They suggested that the efficacy of a 

common desired technical outcome to “paw back” the foot just prior to ground contact with the aim 

of generating a greater backwards pushing action (i.e., a higher horizontal GRF) during ground 

contact is therefore in question. Collectively, these findings suggest that reducing foot touchdown 
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velocity is likely to reduce the braking effects during the early stance phase but given the previously 

discussed lack of an association between braking GRF and performance during early acceleration 

(Section 2.2.1) there is no evidence to suggest that foot touchdown velocity plays a significant role 

in the enhancement of initial acceleration performance. This may be due to the phase of the ground 

contacts during the initial steps which are more important to acceleration performance. For 

example, an increase in the vertical velocity of the foot at touchdown has been linked to the ability 

to produce higher vertical GRF early in the stance phase during maximum velocity sprinting – a key 

determinant of performance in that sprint phase (Clark et al., 2017). However, the initial steps of 

acceleration have been shown to be more associated with horizontal GRF production during the 

mid-late propulsion of stance rather than that produced early in the stance phase (e.g., Colyer et 

al., 2018). Therefore, the kinematic aspects of technique and athletes’ internal joint kinetic features 

from touchdown onwards during the stance phase may be more influential to their initial 

acceleration performance than the mechanics used during the late swing phase to optimise foot-

ground interaction. 

 

2.4.2 Touchdown distance 

 
Hip and knee angular velocities and moments, and foot touchdown velocity, will likely affect where 

the foot is placed at the start of the contact phase. The horizontal distance between the foot and 

the CM at the instant of touchdown is known as touchdown distance (Figure 2.1) – a technical 

feature which has received attention in the scientific (e.g., Bezodis et al., 2015; Mero et al., 1983; 

Nagahara et al., 2014a) and coaching (e.g., Mann, 2015) sprint acceleration biomechanics 

literature. From a block start in highly trained (Tier 3) sprinters, Mero et al. (1983) found the CM to 

be ahead of the point of contact (negative touchdown distance) by 0.13 (± 0.06) m which 

decreased to 0.04 (± 0.05) m during the second contact phase. At the beginning of the third phase 

the CM was already behind the point of contact (positive touchdown distance) by 0.05 (± 0.04) m. 

The CM has also been shown to progressively move further back relative to the foot with each 

successive step during the initial acceleration of 12 trained (Tier 2) sprinters (mean ± SD: mass 

68.1 ± 4.2 kg; 100 m PB 10.71 ± 0.33 s; Nagahara et al., 2014a). During the first three contacts, 

Mann (2015) identified proficient sprinters as those who touch down with their foot behind the 

whole-body centre of mass. This technical feature has previously been linked to the orientation of 

the GRF vector during the first step of an elite (Tier 4) sprinter (Bezodis et al., 2105) and 
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recreationally active (Tier 1) physical education students (Kugler & Janshen, 2010), and therefore 

may be of interest to coaches.  

 

 

Figure 2.1. Selected kinematic aspects of technique at touchdown 

a, touchdown distance; b and c, shank and trunk angles; d, centre of mass angle 
 

The black markers (circles) depict the whole-body centre of mass location 
 

 

Upon touchdown, sprinters have been observed to rotate the CM forward of the point of contact 

during the second stance phase prior to extending the contact leg (Jacobs & van Ingen Schenau, 

1992). Foot placement behind the CM upon touchdown seems appealing therefore since it would 

likely reduce the amount of time before the athlete starts producing leg extension. Furthermore, it 

may also facilitate a greater shank angle (proximal end of the shank rotated more towards the 

direction of sprinting) during the initial acceleration phase which, in tandem with a similar trunk 

angle, is a technique deemed desirable by coaches (Goodwin et al., 2018). A depiction of shank 

and trunk orientations are shown in Figure 2.1. Producing this technique will enable an athlete to 

direct their CM more horizontally during the stance phase when extending the stance leg. This 

premise is partially supported by the observation of Kugler and Janshen (2010) who noted that the 

higher propulsive impulses and greater CM angles (Figure 2.1) produced later in stance by faster 

participants during the first step from rolling start were facilitated by a greater CM angle at 

touchdown (i.e., the foot was placed further back in relation to the CM at touchdown; Kugler & 

Janshen, 2010). However, a small statistically insignificant relationship (r = -0.24) was observed 

between the touchdown distance of world class sprinters (-0.12 ± 0.06 m) and the magnitude of 

NAHEP produced during the first stance phase (Walker et al., 2021). At a group level, therefore, it 
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is not possible to determine whether touchdown distance is meaningfully related to initial 

acceleration performance. 

 

Foot placement too far behind the CM during the initial steps of a sprint may not be favourable. For 

example, a study using a computer simulation model to investigate the effects of touchdown 

distance on performance (external power) of an elite (tier 4) sprinter (mass 86.9 kg; 100m PB 10.28 

s) during the first stance revealed a curvilinear relationship between these variables (Bezodis et al., 

2015). That is, when positioning the foot slightly further behind the CM, performance was improved 

due to favourable horizontal force production. However, continuing to increase this distance 

between the foot and CM (> 0.09 m) led to decreased performance due to an inability to generate 

sufficient force. Additionally, a linear relationship was observed between touchdown distance and 

vertical impulse production. Vertical impulse production increased as the foot was placed less far 

behind the CM at touchdown and decreased the when the foot was further behind the CM (Bezodis 

et al., 2015). Limiting how far posterior the foot makes contact relative to the CM may therefore be 

important in producing a sufficient vertical GRF necessary to maintain balance. Consequently, it 

would seem possible that a favourable touchdown distance exists which is idiosyncratic to each 

individual based on their technical and strength abilities, musculoskeletal structure and how 

advanced through the acceleration phase they are. Furthermore, in an investigation of team sport 

players, Bezodis et al. (2017) found that an increase in the RF at 5 m (following a standing start) 

was associated with different stance leg joint kinematics, but not with the overall touchdown 

distance and that the ratio of force could be manipulated without a change in touchdown distance. 

 

2.4.4 Hip joint kinematics and kinetics during ground contact 

 
Achieving a high angular velocity of the hip during stance has been theorised as important to 

maximising propulsive GRF during sprinting (Mann & Sprague, 1983; Mann et al., 1984; Wiemann 

& Tidow, 1995). The data presented in Tables 2.3 and 2.4 detail a number of the hip joint kinematic 

and kinetic measures obtained from the literature during the stance phase of initial acceleration. 

The hip extends throughout the initial steps (Charalambous et al., 2012; Debaere et al., 2013a; 

Debaere et al., 2017; Jacobs & van Ingen Schenau, 1992) although in some participants the hip 

has been shown to flex just prior to toe-off (e.g., Brazil et al., 2017). Peak joint angular velocities 

and timings however appear to differ across the literature (Table 2.3) which may be indicative of 
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technical differences between individuals and/or methods used to determine these angular 

velocities.  

 

Despite hip extension velocities during stance being theorised as important to maximising 

propulsive GRF and therefore potentially propulsive impulse, few studies have investigated 

associations between hip angular velocity and propulsive GRF characteristics. In the first step of 

world class (Tier 5) sprinters, Walker et al. (2021) found a trivial, statistically insigificant relationship 

(r = 0.07) between maximum hip angular velocity during the first stance phase (202 ± 41°/s) and 

the magnitude of NAHEP. Only two studies to the author’s knowledge have investigated the hip 

angular velocities of team sport players during acceleration (Hunter et al., 2005; Murphy et al., 

2003). Hunter et al. (2005) observed no association between peak hip angular velocity and 

propulsive impulse at the 16 m mark in 28 trained (Tier 3) athletes from a mix of track & field and 

team sports (mean ± SD: mass 74 ± 6 kg). They did find however that mean hip extension velocity 

was significantly different (p < 0.05) between ‘high propulsion’ (570 ± 61°/s) and ‘low propulsion’ 

(558 ± 58°/s) trials (Hunter et al., 2005). However, given these data were obtained during the mid-

acceleration phase the findings can not be generalised to the initial steps and in Murphy et al. 

(2003), no significant differences were observed between the mean hip extension velocities of the 

‘fast’ (step 1: 225 ± 37°/s; step 3: 233 ± 57°/s) and ‘slow’ (step 1: 241 ± 37°/s; step 3: 239 ± 54°/s) 

groups of team sport players studied (n = 20; mass 82.6 ± 13.1 kg; no information on participant 

sporting ability were provided). Nonetheless, acceleration performance was measured as the 

horizontal velocity of the hip at the instant of toe-off at the beginning of the third step by Murphy et 

al. (2003) and does not account for the time taken to reach this point or the distance at which the 

velocity measure is taken. Therefore, limited information exists on the associations of mean hip 

extension velocity during stance and initial acceleration performance, especially in team sports 

players, and further investigation is warranted.     

 

In all sprint phases, a net extensor moment is present at the hip at touchdown and the magnitude 

of this has been suggested to be important to acceleration performance (e.g., Johnson & Buckley, 

2001). During initial acceleration this is supported by the work of Schache et al. (2019) who 

observed that the sprint performance during the first or second step of eight participants (three 

were female) was strongly related (r = 0.67, p < 0.01) to the impulses (integral over time) of their 

hip extensor moments which explained 45% of the magnitude of forward acceleration achieved. No 
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indication of the athletes’ ability was provided, but the researchers referred to them as ‘sub-elite’ 

track & field athletes. The hip has also been shown to generate 37 to 54% (Brazil et al., 2017; 

Debaere et al., 2013a) and 35% (Jacobs & van Ingen Schenau, 1992) of the sum of all lower limb 

joint powers exhibited by sprinters during the first and second stance phase, respectively. 

Furthermore, the hip extensor muscles have been identified as likely important contributors to 

horizontal GRF and sprint acceleration performance during early acceleration (Morin et al., 2015b; 

Pandy et al., 2021). Collectively, these findings suggest that the ability to produce large hip 

extensor moments and powers appear to be important for acceleration performance during the 

initial steps. 

 

Interestingly, Debaere et al. (2015) found, in their torque-driven simulation of seven (five females) 

trained (Tier 2) sprinters (mean ± SD: mass 59.7 ± 9.9 kg, 100 m PB 11.97 ± 0.42) that the hip 

extensor moment contribution to horizontal acceleration of the CM during the first step from a block 

start was only 10.3% (biceps femoris 5.4%, gluteus medius 5.6%) and noticeably less than the 

contribution of the plantarflexors (67.1%). By the second step, no contribution of the hip extensors 

to horizontal acceleration was evident, while the plantarflexors contributed 93% to the horizontal 

acceleration observed (Debaere et al., 2015). These results seem surprising and given the strong 

association between the extensor moment impulses of the hip and forward acceleration magnitude 

(Schache et al., 2019) and of the hip extensors with horizontal GRF production during acceleration 

(Morin et al., 2015b). The reasons for the inconsistency in these results is not clear, although it is 

possible that the reduced contribution of the hip extensor moment to CM horizontal acceleration 

observed by Debaere et al. (2015) may be due to inaccuracies resulting from modelling 

assumptions when using an inverse dynamics approach (Faber et al., 2018). However, the ankle 

plantarflexor joint kinetics have typically been shown to contribute more substantially to initial 

acceleration performance compared with the hip extensor joint kinetics (e.g., Charalambous et al., 

2011; Debaere et al., 2015; Schache et al., 2019).  

 

Whilst the ankle joint may contribute the most to acceleration performance during the initial steps, 

the hip extensor moments may contribute substantially to CM acceleration specifically during the 

early portion of the stance phase. Higher peak hip extensor moments compared with peak 

plantarflexor moments have typically been observed during the early stance phase (approximately 

≤ 20% of stance) in early acceleration (e.g., Bezodis et al., 2014; Charalambous et al., 2012; 
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Debaere et al., 2017; Debaere et al., 2013a; Jacobs & van Ingen Schenau, 1992; Schache et al., 

2019). Furthermore, the hip joint is in an advantageous position to accelerate the CM in the early 

stance phase during the initial steps given its distance from the GRF vector and the forward 

inclination of the trunk. For example, Schache et al. (2019) proposed that the positive work 

produced by the hip (30% of total lower limb positive work) during the first or second step was likely 

due to the increased hip extensor load during the early stance where the forward inclination of the 

trunk was shown to be approximately 63° (with respect to the vertical). They suggested that with 

this orientation of the trunk, the GRF vector was positioned anterior to the hip joint during early 

stance which, in turn, increased the capacity of the hip joint to contribute to forward propulsion 

(Schache et al., 2019).  

 

An induced acceleration analysis approach was used by Veloso et al. (2015) to identify the 

contribution of the lower limb joint moments and muscles to the horizontal and vertical acceleration 

of the CM during the first step of an elite (Tier 4) sprinter from a block start (Veloso et al., 2015). 

They observed that the hip extensor moments produced during the first quarter of the stance phase 

exhibited the greatest contribution to horizontal and vertical acceleration (compared with knee and 

ankle joint moments), resulting from considerable force produced by the hip extensors. However, 

this contribution is only realised with an effectively functioning ankle joint, whereby the plantarflexor 

moments counteract those produced by the hip extensors, thus providing a stable position with 

regards to the foot to ground interface, so that the hip extensors can generate horizontal 

acceleration of the CM (Veloso et al., 2015). The synergistic interplay between the hip and ankle 

joint during the stance phase of sprinting, which has also been highlighted previously at higher 

running velocities (Dorn et al., 2012), will be discussed later in this section of the literature review. 

 

By toe-off, the hip joint moment has changed to flexor dominance to absorb energy and reduce the 

rate of extension at the hip joint before terminating ground contact. The time at which the 

dominance switches from extensor to flexor takes place is not consistent (Table 2.4). Whilst this 

could be influenced by the methods used and the accuracy with which these data can be 

determined using current inverse dynamics analyses (and the propagation of errors as the analysis 

progresses up the leg), it may be due to individual ability and differences in technique between the 

studied athletes. For example, since step rate is the inverse of step time, terminating the ground 

contact phase sooner may be a characteristic of athletes who produce greater step rates. 
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Alternatively, athletes with strong hip extensors capable of producing more powerful hip extension 

contractions may require an earlier switch to flexor dominance in order to prevent the duration of 

the stance phase increasing. Although hip extensor strength of the three sprinters in the study of 

Bezodis et al. (2014) was not measured, the switch from net extensor to flexor moment appeared 

to take place sooner in the hips of the two better performing athletes compared to the slowest 

(approximately 75 vs. 85%). Interestingly, the fastest sprinter performed greater negative work at 

the hip joint (Bezodis et al., 2014) suggesting that the strategy of limiting the rate of hip extension 

to arrest ground contact may be important to early acceleration performance.  
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Table 2.3. Select hip joint kinematic variables during ground contact. Standard deviations are absent where precise values have not been reported in the original 
source. Mean data for participants are presented. 

Step 
number 

Source Athlete status 
Hip angle at 
touchdown 

(°) 

Hip range of motion 
(°; extension) 

Peak hip 
angular 

velocity (°/s; 
extension) 

Timing of peak 
hip angular 

velocity 
(extension) 

1  
Debaere et al. 
(2013a)  

 
21 trained (Tier 3) sprinters (11 males, PB 100m = 
10.62 s; 10 females, PB 100 m = 11.89 s)  

121.2 ± 11.3  40  515  
Beginning of 

stance  

1 
Charalambous 
et al. (2012) 

1 elite (Tier 4) sprint hurdler. PB 110m hurdles = 
13.48 

90  -  229 ± 11.5  70% stance  

1  
Bezodis et al. 
(2014)  

 
3 elite (Tier 4) sprinters (2 males, PB 100 m = 10.14 
and 10.28 s; 1 female, PB 100 m hurdles = 12.72 s)  

90  80  200ᵃ  75% stance  

1 
 

Walker et al. 
(2021) 

8 world class (Tier 5) sprinters (data collected 
during a 60 m race = 6.51 ± 0.10 s) 

- 
 

- 
 

202 ± 0.10 s 
 

- 
 

1 
Brazil et al. 
(2017) 

10 well trained (Tier 3) to elite (Tier 4) sprinters (PB 
100m = 10.50 ± 0.27 s) 

- - 160ᵃ 
Beginning of 

stance 

1 or 2ᵇ 
Schache et al. 
(2019) 

8 track & field athletes (5 male, 3 females; no ability 
levels indicated) 

65 60 - - 

2  

Jacobs & van 
Ingen Schenau 
(1992) 

7 trained (Tier 3) sprinters (mean PB 100m = 10.60 
s) 

99.1 ± 3.4 
  

74 
  

686 ± 20.6 
  

79% of stance 
  

2 
 
  

Debaere et al. 
(2013a) 
  

21 trained (Tier 3) sprinters (11 males, PB 100m = 
10.62 s; 10 females, PB 100 m = 11.89 s) 
  

124.4 ± 11.3 
 
  

55 
 
  

573 
 

  

Beginning of 
stance 

 
  

ᵃangular velocity data were normalised by dividing the value by (gravity / leg length)½    
ᵇdata were collected during the step in which forward acceleration magnitude was greatest     
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Table 2.4. Select hip joint kinetic variables during ground contact. Standard deviations are absent where precise values have not been reported in the 
original source. Mean data for participants are presented. 

 

Step 
number 

Source Athlete status 
Peak hip extensor 

moment 
Peak hip flexor 

moment 

Timing of switch 
from hip 

extensor to hip 
flexor moment 

Peak hip 
power 

generation 

Peak hip 
negative 

power 

1 
Debaere et al. 
(2013a) 

21 trained (Tier 3) sprinters (11 males, 
PB 100m = 10.62 s; 10 females, PB 
100 m = 11.89 s) 

165 Nm 
2.5 Nm/kg 

279 Nm            
4.1 Nm/kg 

25% of stance  
1663 W 

24.5 W/kg 
1330 W 

19.6 W/kg 

1 
Veloso et al. 
(2015) 

1 male elite (Tier 4) sprinter (100m PB 
10.21) 

335 Nm 
4.2 Nm/kg 

80 Nm 
1.1 Nm/kg 

80% of stance  - - 

1 
 
  

Charalambous et 
al. (2012)  

1 elite (Tier 4) sprint hurdler (PB 110m 
hurdles = 13.48)  

200 Nm 
2.6 Nm/kg  

250 Nm 
3.3 Nm/kg  

70% of stance 
 
  

1400 W        
18.6 W/kg 

  

1450 W 
19.5 W/kg 

  
1 
 
 
  

Bezodis et al. 
(2014) 
 
  

3 elite (Tier 4) sprinters (2 males, PB 
100 m = 10.14 and 10.28 s; 1 female, 
PB 100 m hurdles = 12.72 s) 
  

Range: 0.273 to 
0.359ᵃ 

 
  

Range: 0.297 to 
0.432ᵃ 

 
  

Range: 75 to 85% 
of stance 

 
  

Range: 0.842 
to 1.450ᵇ 

 
  

Range: 
0.474 to 
0.870ᵇ 

  
1 
 
 

Brazil et al. (2017) 
 
 

10 well trained (Tier 3) to elite (Tier 4) 
sprinters (PB 100m = 10.50 ± 0.27 s) 
 

0.330 ± 0.071ᵃ 
 
 

0.400ᵃ 
 
 

65% of stance 
 
 

0.908 ± 
0.185ᵇ 

 

0.740 ± 
0.257ᵇ 

 
1 or 2ᶜ 

 
 

Schache et al. 
(2019) 
 

8 track & field athletes (5 male, 3 
females; no ability levels indicated) 
 

155 ± 4.0 Nm 
2.3 ± 0.1 Nm/kg 

 

198 ± 6.3 Nm 
2.8 ± 0.1 Nm/kg 

 

65% of stance 
 
 

987W 
13.7 W/kg 

 

845 W 
12.0 W/kg 

 

2 
  

Jacobs & van 
Ingen Schenau 
(1992) 

7 trained (Tier 3) sprinters (mean PB 
100m = 10.60 s) 

233 Nm 
3.0 Nm/kg 

233 Nm 
3.0 Nm/kg 

70% of stance  
1556 W 

19.6 W/kg 
1556 W 

19.6 W/kg 

2 
Debaere et al. 
(2013a) 

21 trained (Tier 3) sprinters (11 males, 
PB 100m = 10.62 s; 10 females, PB 
100 m = 11.89 s) 

230 Nm 
3.4 Nm/kg 

133 Nm            
2.0 Nm/kg 

80% of stance  
1330 W          

19.6 W/kg 
1330 W          

19.6 W/kg 

ᵃmoment data were normalised by dividing the value by (weight x leg length)      

ᵇpower data were normalised by dividing the value by (body mass x gravity³̷₂ x leg length½)     

ᶜdata were collected during the step in which forward acceleration magnitude was greatest      
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2.4.5 Knee joint kinematics and kinetics during ground contact 

 
The data presented in Tables 2.5 and 2.6 detail a number of the knee joint kinematic and kinetic 

measures obtained from the available literature during the stance phase of early acceleration. The 

knee typically continues to extend upon touchdown whilst a net flexor moment during the first few 

milliseconds is observed (Bezodis et al., 2014; Brazil et al., 2017; Charalambous et al., 2012; 

Debaere et al., 2017; Debaere et al., 2013a; Jacobs & van Ingen Schenau, 1992). An extensor 

moment then dominates for the remainder of stance and in some cases the stance knee has been 

shown to flex slightly just prior to toe-off (Charalambous et al., 2012; Brazil et al., 2017; Jacobs & 

van Ingen Schenau (1992). The net work done by the knee extensors of sprinters explained a 

significantly large amount (42%) of the variance in their forwards acceleration magnitude during the 

first or second step (Schache et al., 2019). However, a trivial and statistically insignificant 

relationship (r = 0.01, p = 0.74) between the impulses (integral over time) of their knee extensor 

moments and their forwards acceleration magnitudes were observed (Schache et al., 2019), 

suggesting that the ability to produce a large knee extension range of motion, rather than the ability 

to produce large knee extensor moments may be more important for initial acceleration 

performance.  

 

Bezodis et al. (2014) proposed that the knee has an important role in the generation of positive 

power, and thus acceleration of a sprinter, in the first step. The potential importance of knee power 

generation during the initial steps of a sprint would be supported by the high knee positive powers 

evident in a number of other early acceleration studies (e.g., Charalambous et al., 2012; Debaere 

et al., 2013a). Interestingly, Bezodis et al. (2014) observed the better performing sprinter to 

generate 363 and 188% more energy at the knee than the second fastest and slowest athletes 

respectively. This was due to both an earlier rise in the resultant knee joint moment and a higher 

peak. The better performing athlete was able to generate knee extensor resultant moments from 

the instant of touchdown and the researchers suggest that this ability may have been facilitated by 

the sprinter’s lower foot touchdown velocity (Bezodis et al. 2014). Their touchdown technique may 

therefore have contributed to the decreased peak braking and greater propulsive GRF they 

produced and ultimately the highest average horizontal external power (Bezodis et al., 2014).  

 

Debaere et al. (2013a) reported the contribution of the knee to maximum power to be substantial in 

the first step (31%), but small in the second (9%). They attributed this to the more upright position 
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adopted during the second step, where the knee will contribute more to upwards velocity of the 

CM, whereas the more forward leaning position in the first results in greater contribution of the 

knee joint to horizontal acceleration (Debaere et al., 2013a). This finding highlights potential 

differences in the mechanics required during block starts and standing starts where a more upright 

position is adopted during the latter task. This difference is therefore of interest to team sport 

players who are required to start in this more upright position when they accelerate.  
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Table 2.5. Select knee joint kinematic variables during ground contact. Standard deviations are absent where precise values have not been reported in the 
original source. Mean data for participants are presented. 

Step 
number 

Source Athlete status Knee angle at 
touchdown (°) 

Movement pattern 
of knee 

Peak knee 
angular 
velocity 

(extension; °/s) 

Timing of peak knee 
angular velocity 

(extension) 

1  
Debaere et al. 
(2013a)  

 
21 trained (Tier 3) sprinters (11 
males, PB 100m = 10.62 s; 10 
females, PB 100 m = 11.89 s)  

111.6 ± 9.1 Extension throughout 515 75% of stance 

1 
Charalambous 
et al. (2012) 

1 elite (Tier 4) sprint hurdler. PB 
110m hurdles = 13.48 

115 
Extension with slight 
flexion taking place 

at 95% stance 
189 ± 5.7 75% of stance 

1  
Bezodis et al. 
(2014)  

 
3 elite (Tier 4) sprinters (2 males, PB 
100 m = 10.14 and 10.28 s; 1 female, 
PB 100 m hurdles = 12.72 s) 

Range: 90 to 
100 

Extension throughout 200ᵃ 
Range: from the instant of 

touchdown and between 75 
to 90% of stance 

1 
 

Brazil et al. 
(2017) 
 

10 well trained (Tier 3) to elite (Tier 
4) sprinters (PB 100m = 10.50 ± 0.27 
s) 

- 
 

Extension with 
flexion taking place 

at 80% stance 

150ᵃ 
 
 

75% stance 
 
 

1 or 2ᵇ 
 

Schache et al. 
(2019) 
 

8 track & field athletes (5 male, 3 
females; no ability levels indicated) 

62 
 

Extension throughout 
 

 
- 
 
 

- 
 

2 
  

Jacobs & van 
Ingen Schenau 
(1992) 

7 trained (Tier 3) sprinters (mean PB 
100m = 10.60 s) 

111.7 ± 1.7 
Extension with slight 
flexion just prior to 

toe-off 
548 ± 27.5 81% of stance 

2 
Debaere et al. 
(2013a) 

21 trained (Tier 3) sprinters (11 
males, PB 100m = 10.62 s; 10 
females, PB 100 m = 11.89 s) 

115.6 ± 6.2 Extension throughout 570 80% of stance 

ᵃangular velocity data were normalised by dividing the value by (gravity / leg length)½ 
ᵇdata were collected during the step in which forward acceleration magnitude was greatest  
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Table 2.6. Select knee joint kinetic variables during ground contact. Standard deviations are absent where precise values have not been reported in the original source. 
Mean data for participants are presented. 

Step 
number 

Source Athlete status Peak knee 
extensor 
moment 

Peak knee 
flexor 

moment 

Knee moment 
pattern 

Timing of 
switch between 
knee flexor and 

extensor 
moments 

Peak 
negative 

power 

Peak power 
generation 

1  
Debaere et al. 
(2013a)  

 
21 trained (Tier 3) sprinters (11 
males, PB 100 m = 10.62 s; 10 
females, PB 100 m = 11.89 s)  

166 Nm            
2.5 Nm/kg 

67 Nm             
1.0 Nm/kg 

Flexor - extensor 
– flexor 

Highly varied 
665 W             

9.8 W/kg 
1330 W             

19.6 W/kg 

1 
Charalambous 
et al. (2012) 

1 elite (Tier 4) sprint hurdler. PB 
110m hurdles = 13.48 

100 Nm          
 1.4 Nm/kg 

25 Nm         
3.3 Nm/kg 

Flexor - extensor - 
flexor - extensor – 

flexor 
- - 

300 W            
4.0 W/kg 

1  
Bezodis et al. 
(2014)  

 
3 elite (Tier 4) sprinters (2 males, PB 
100 m = 10.14 and 10.28 s; 1 female, 
PB 100 m hurdles = 12.72 s) 

Range: 0.087 to 
0.216ᵃ 

0.075ᵃ 
Flexor - extensor 

– flexor 
Highly varied 

Range: 
0.000 to 
0.362ᵇ 

Range: 0.148 
to 0.422ᵇ 

1 
 

 
Brazil et al. 
(2017) 
 

10 well trained (Tier 3) to elite (Tier 
4) sprinters (PB 100 m = 10.50 ± 
0.27 s) 

0.242 ± 0.068ᵃ 0.1500ᵃ Flexor - extensor 10% of stance 0.150ᵇ 0.468 ± 0.145ᵇ 

1 or 2ᶜ 
 

Schache et al. 
(2019) 
 

8 track & field athletes (5 male, 3 
females; no ability levels indicated) 

115 ± 5 Nm 
1.7 ± 0.1 Nm/kg 

99 Nm 
1.4 Nm/kg 

Flexor – extensor 
- flexor 

< 5% then 75% 
280 W 

3.8 W/kg 
560 W 

8.0 W/kg 

2 
  

Jacobs & van 
Ingen Schenau 
(1992) 

7 trained (Tier 3) sprinters (mean PB 
100 m = 10.60 s) 

140 ± 55 Nm  
1.8 ± 0.7 Nm/kg 

92 Nm              
1.2 Nm/kg 

Flexor – extensor 10% of stance 
622 W          

8.5 W/kg 
705 ± 59 W       

9.0 ± 0.8 W/kg 

2 
Debaere et al. 
(2013a) 

21 trained (Tier 3) sprinters (11 
males, PB 100 m = 10.62 s; 10 
females, PB 100 m = 11.89 s) 

100 Nm            
1.5 Nm/kg 

67 Nm             
1.0 Nm/kg 

Flexor - extensor 
– flexor 

Highly varied 
166 W           

2.5 W/kg 
665 W             

9.8 W/kg 

ᵃmoment data were normalised by dividing the value by (weight x leg length) 
ᵇpower data were normalised by dividing the value by (body mass x gravity³̷₂ x leg length½) 
ᶜdata were collected during the step in which forward acceleration magnitude was greatest 

   

  



 

55 
 

2.4.6 Ankle joint kinematics and kinetics during ground contact 

 
The data presented in Tables 2.7 and 2.8 detail a number of the ankle joint kinematic and kinetic 

measures obtained from the literature during the stance phase of initial sprint acceleration. During 

all steps within a sprint, the ankle initially dorsiflexes after touchdown, before plantarflexing for the 

remainder of stance. This ‘switch’ from dorsiflexion to plantarflexion is variable across the literature 

over the first two steps ranging from 30 to 50% of stance (Table 2.7) while the muscles surrounding 

the ankle joint create a plantarflexor moment for all steps within a sprint. Following touchdown, this 

resultant joint moment helps to reduce the negative vertical velocity of the body through energy 

absorption about the ankle for approximately 30% of stance during early acceleration 

(Charalambous et al., 2012; Debaere et al., 2013a). Once this has been achieved and the 

dorsiflexion has ceased, the plantarflexor moment then serves to generate energy (Table 2.8) for 

the remainder of the stance phase to plantarflex the ankle joint and help propel the body into the 

subsequent flight phase. During initial acceleration, the total work due to energy absorption at the 

ankle joint during early stance is less than the subsequent work done by almost a factor of 3 

(Debaere et al., 2013a).  

 

The role of the ankle has been shown to be crucial for high initial acceleration performance. For 

instance, Bezodis et al. (2014) noted that the better performer in their study generated more ankle 

energy (0.223 ± 0.213 [work data were divided by weight × leg length]) during the second half of 

stance than the second fastest (0.175 ± 0.156) and slowest athlete (0.163 ± 0.138). Debaere et al. 

(2015) observed the ankle plantarflexor moments produced by to be the main contributor to 

horizontal acceleration during the first (67.1%) and second (92.9%) steps. Compared with the hip 

and knee, the amount of work done by the plantarflexors of sprinters studied by Schache et al. 

(2019) during the first or second step was 40 and 58% greater, respectively, and a very large 

relationship between the net work done by the ankle and forward acceleration magnitude was 

observed (r = 0.80, p < 0.01). Furthermore, both peak plantarflexor moments and the impulses 

(integral over time) of the positive portion of the plantarflexor moments were 30 and 49%, and 53 

and 58%, greater than those produced by the hip and knee, respectively. The plantarflexor moment 

impulses were also highly and significantly related to acceleration magnitude in the first or second 

step (r = 0.69, p = < 0.01). The researchers surmised that the hip and, more so, the ankle are key 

to the positive work produced to achieve high forward acceleration magnitudes (Schache et al., 

2019).   
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Although the ankle joint appears to contribute considerably to horizontal acceleration during the 

initial steps as a result of its capacity to generate high amounts of energy during the latter two 

thirds of the stance phase, its function during the initial third of stance, whilst absorbing energy, 

may also play an important role. As alluded to earlier within this literature review, the ankle works 

synergistically with the hip during the initial steps of a sprint. During the early portion of the stance 

phase, the hip extensor moment acts to accelerate the ipsilateral heel towards the ground as the 

ankle begins to dorsiflex. The plantarflexor moment produced to oppose the hip extensor moment 

serves to stabilise the ankle joint, thus providing a foundation from which the hip extensors are able 

to accelerate the CM (Veloso et al., 2015). The ability of the ankle joint to attenuate the degree of 

dorsiflexion during this early stance phase may therefore be a technique worthy of consideration 

since a greater proportion of force produced by the hip extensors is likely to be transmitted to the 

ground. This supposition is supported by Bezodis et al. (2015) who demonstrated that reducing 

dorsiflexion during the early stance phase of the first step appeared potentially beneficial for 

improving acceleration performance during the first step. They observed, through simulation, that 

when the amount of ankle dorsiflexion was reduced during the early stance phase, average 

horizontal power increased exponentially. The increased power was shown to derive from both a 

shorter contact time and an increase in net horizontal impulse (Bezodis et al., 2015). Reducing the 

amount of dorsiflexion during ground contact likely requires a greater level of ankle stiffness.  

 

Charalambous et al. (2012) found increases in ankle joint stiffness during the negative (ankle 

power absorption) phase of ground contact in the first step (28.33 ± 2.57 Nm/°) of an international 

hurdler to be related to take-off CM horizontal velocity (r = 0.74, p = 0.02). No correlation was found 

however between ankle stiffness during the whole contact (5.93 ± 0.75 Nm/°) and 5 m sprint time, 

although during the positive (ankle power generating) phase of contact it was reported to relate to 

greater take-off CM vertical velocity (r = 0.85, p = 0.01). It was suggested that the push-off at the 

end of the first contact following block exit requires a greater increase in vertical CM position than 

later sprint phases (acceleration and maximum velocity), so increased ankle stiffness may have an 

important role to play (Charalambous et al., 2012). Further research is required to ascertain the 

favourable amount of ankle stiffness necessary for an individual to elicit the required vertical 

displacement while maximising horizontal velocity during acceleration. However, the ability to 

attenuate the degree of dorsiflexion during the early stance phase may be a technique (and a 
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physical quality) of interest for coaches working to enhance the initial sprint acceleration 

capabilities of rugby players.  
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Table 2.7. Select ankle joint kinematic variables during ground contact. Standard deviations are absent where precise values have not been reported in the original 
source. Mean data for participants are presented.  

Step 
number 

Source Athlete status Ankle 
angle at 

touchdown 
(°) 

Degree of ankle 
dorsiflexion and 
plantarflexiona (°) 

Timing of 
transition from 

ankle dorsiflexion 
to plantarflexionb 

Peak ankle 
angular 

velocity (°/s; 
plantarflexion) 

Timing of peak 
ankle angular 

velocity 
(plantarflexion) 

1  
Debaere et al. 
(2013a)  

 
21 trained (Tier 3) sprinters (11 
males, PB 100m = 10.62 s; 10 
females, PB 100 m = 11.89 s)  

70.6 ± 5.8 -15 +55 30% stance 1088 90% of stance 

1 
Charalambous 
et al. (2012) 

1 elite (Tier 4) sprint hurdler. PB 
110m hurdles = 13.48 

105 -10 +37 40% stance 320 90% of stance 

1  
Bezodis et al. 
(2014)  

 
3 elite (Tier 4) sprinters (2 males, PB 
100 m = 10.14 and 10.28 s; 1 female, 
PB 100 m hurdles = 12.72 s) 

Range: 100 
to 115 

-15 +50  50% stance  
Range: 300 to 

400c  90% of stance 
  

1 
 

Brazil et al. 
(2017) 
 

10 well trained (Tier 3) to elite (Tier 
4) sprinters (PB 100m = 10.50 ± 0.27 
s) 

 
- 
 
 

 
- 
 
 

50% stance 
 

300ᶜ 
 

90% stance 
 
 

1 or 2ᵈ 
 

Schache et al. 
(2019) 
 

8 track & field athletes (5 male, 3 
females; no ability levels indicated) 
 

101 
 
 

-14 +56 
 
 

50% stance 
 
 

- 
 
 

- 
 
 

2 
  

Jacobs & van 
Ingen Schenau 
(1992) 

7 trained (Tier 3) sprinters (mean PB 
100m = 10.60 s) 

80.2 ± 2.9 -15 +58 30% stance 1232 ± 42 93% of stance 

2 
Debaere et al. 
(2013a) 

21 trained (Tier 3) sprinters (11 
males, PB 100m = 10.62 s; 10 
females, PB 100 m = 11.89 s)  

72.4 ± 7.1 -15 +50 30% stance 1146 
Just prior to toe-

off 
 

aValues are split into the initial dorsiflexion magnitude and the subsequent plantarflexion magnitude, unless otherwise stated (e.g. - 15 + 55 represents 15° of 
dorsiflexion) followed by 55° of plantarflexion 
ᵇPercentage of stance phase during which the ankle switches from a dorsiflexion to plantarflexion  

ᶜAngular velocity data were normalised by dividing values by (gravity/leg length)½ 

ᵈdata were collected during the step in which forward acceleration magnitude was greatest 
 



 

 
 

5
9
 

Table 2.8. Select ankle joint kinetic variables during ground contact. Standard deviations are absent where precise values have not been reported in the original 
source. Mean data for participants are presented. 

Step 
number 

Source Athlete status Peak ankle 
plantarflexor moment 

Peak ankle power 
absorption 

Peak ankle power 
generation 

1  Debaere et al. (2013a)  

 
21 trained (Tier 3) sprinters (11 males, PB 100m 
= 10.62 s; 10 females, PB 100 m = 11.89 s) 
  

133 ± 20 Nm    
2.0 ± 0.3 Nm/kg 

334 W               
4.9 W/kg 

998 W              
14.7 W/kg 

1 
Charalambous et al. 
(2012) 

1 elite (Tier 4) sprint hurdler. PB 110m hurdles = 
13.48 

350 Nm             
4.7 Nm/kg 

300 W             
4.0 W/kg 

2250 W             
30.4 W/kg 

1  Bezodis et al. (2014)  

 
3 elite (Tier 4) sprinters (2 males, PB 100 m = 
10.14 and 10.28 s; 1 female, PB 100 m hurdles 
= 12.72 s) 

Range: 0.378 to 
0.452ᵃ 

Range: 0.363 to 
0.419ᵇ 

Range: 1.206 to 
1.488ᵇ 

1 
 

Brazil et al. (2017) 
 

10 well trained (Tier 3) to elite (Tier 4) sprinters 
(PB 100m = 10.50 ± 0.27 s) 

0.388 ± 0.035ᵃ 
 

0.317 ± 0.108ᵇ 
 

1.093 ± 0.069ᵇ 
 

1 or 2ᶜ 
 
 

Schache et al. (2019) 
 
 

8 track & field athletes (5 male, 3 females; no 
ability levels indicated) 
 

225 ± 25 Nm 
3.2 ± 0.3 Nm/kg 

 

 
563 W 

8.0 W/kg 
 
 

2112 W 
30.0 W/kg 

 

2 
  

Jacobs & van Ingen 
Schenau (1992)  

7 trained (Tier 3) sprinters (mean PB 100m = 
10.60 s) 

245 ± 8 Nm     
3.1 ± 0.1 Nm/kg 

778 W              
9.8 W/kg 

2192 ± 190 W      
28.4 ± 2.5 W/kg 

2 Debaere et al. (2013a) 
21 trained (Tier 3) sprinters (11 males, PB 100m 
= 10.62 s; 10 females, PB 100 m = 11.89 s)  

166 Nm             
2.5 Nm/kg 

665 W               
9.8 W/kg 

1662 W             
24.5 W/kg 

ᵃmoment data were normalised by dividing the value by (weight x leg length) 

   

ᵇpower data were normalised by dividing the value by (body mass x gravity³̷₂ x leg length½) 
ᶜdata were collected during the step in which forward acceleration magnitude was greatest 
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2.4.7 Toe-off kinematics 

By the end of the stance phase in the initial steps, the CM will have reached its furthest point 

beyond the point of contact during stance and the CM angle (Figure 2.2a) will be at its greatest with 

respect to the vertical (Kugler & Janshen, 2010; Walker et al., 20201; von Lieres Und Wilkau et al., 

2020b). The stance ankle, knee and hip will be at, or close to, their most extended positions, and 

the hip of the swing leg reaches its peak flexion angle during the contact phase (Bezodis et al., 

2014; Charalambous et al., 2012; Debaere et al., 2013a; Jacobs & van Ingen Schenau, 1992; 

Schache et al., 2019), creating a large ‘separation’ of the thighs (Walker et al., 2021) at toe-off in 

preparation for rapidly accelerating the swing foot back down to the ground. The importance of 

technical features at the point of toe-off during the initial steps as a function of an effective ‘push-

off’ during the stance phase have previously been cited as useful technical markers for coaches 

(e.g., Kugler & Janshen, 2010; Walker et al., 2021). 

 

 

 

 

Figure 2.2. Selected kinematic aspects of technique at toe-off 

a, centre of mass angle; b toe-off distance; c and d, thigh separation and trunk angles 
 

The black markers (circles) depict the whole-body centre of mass location 
 

 

Kugler and Janshen (2010) observed that the CM of the faster physical education students during 

the first step from a standing start in their study was further ahead of the stance foot during the last 

portion of the contact phase where a practically perfect significant relationship between the GRF 

vector angle in the sagittal plane at maximum GRF application and CM angle at toe-off was found 

(r = 0.93, p ≤ 0.001). They identified that the faster participants achieved a greater CM angle 

towards the end of stance through producing significantly longer contact times (0.21 ± 0.02 s vs. 

0.19 ± 0.02 s; p < 0.05). They stated that the longer ground contact times resulted in greater CM 



 

61 
 

angles at toe-off since the CM moves further forward during ground contact (Kugler & Janshen, 

2010). During the third step of trained sprinters, von Lieres Und Wilkau et al. (2020a) found the 

mean CM angle during the stance phase was strongly and significantly positively associated with 

larger NAHEP (approximately r = 0.65, p <0.001). Whilst this technical feature was not reported at 

the end of the stance phase, it is likely that a large average CM angle during the stance phase will 

contribute substantially to a large CM angle at toe-off. However, Walker et al. (2021) found a small 

statistically insignificant relationship (r = 0.12, p < 0.05) existed between the toe-off distance (a 

function of CM angle; Figure 2.2) of world class sprinters during the first step (-0.87 ± 0.03 m) and 

their NAHEP magnitudes. Further research is required to determine whether the positions of the 

stance foot and the CM at toe-off is an important technical feature of athletes during the initial 

steps. 

 

Whilst Walker et al. (2021) did not find a significant relationship between toe-off distance and 

NAHEP magnitude during the first stance phase, they did observe that the thigh separation angle 

at toe-off (102 ± 7°; angle between stance and swing thighs, Figure 2.2) and trunk angle at toe-off 

(43 ± 3°; relative to the horizontal, Figure 2.2) were strongly related (r = 0.62 and -0.59 

respectively, both p < 0.05) to the NAHEP magnitudes of sprinters. When combined, these 

technical features were able to predict 89% of NAHEP produced (Walker et al., 2021) - that is, the 

participants who produced greater NAHEP were also those who achieved larger thigh separation 

angles and more forward inclined trunk orientations at toe-off. Walker et al. (2021) suggested, 

when citing research by Clark et al. (2020) which linked the production of greater thigh angular 

velocity with greater lower limb touchdown velocities and higher maximum velocity performance, 

that the large thigh separation angles observed in their study at toe-off (Walker et al., 2021) may 

have positioned the sprinters favourably to produce large thigh angular velocities at touchdown. In 

turn, they proposed this may have been a way to optimise mechanics of the foot-ground interaction 

at touchdown. However, as demonstrated by the inconsistencies in the associations between CM 

angle (Kugler & Janshen, 2010) or toe-off distance (Walker et al., 2021) and acceleration 

performance in the first step, the conclusions drawn from a study on one population may not 

always translate to another, likely due to the differences in their task, performer, and environmental 

constraints (Newell, 1986). Therefore, since the constraints of professional rugby backs differ 

compared with physical education students (e.g., Kugler & Janshen, 2010) and sprinters (e.g., 

Walker et al., 2021), it is important that the toe-off kinematics discussed in this literature review are 
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investigated in the context of professional rugby backs to determine whether they may be important 

to acceleration performance in this population. 

 

2.5 Spatiotemporal variables 

 
Spatiotemporal kinematic variables during sprinting represent the ‘whole-body’ movement 

outcomes resulting from the interaction between the angular kinematics and internal (joint) and 

external (GRF characteristics) kinetics produced during sprinting. Step length, step rate, contact 

time and flight time are the highest order spatiotemporal variables and will form the focus of this 

next section. Whilst no studies have investigated these technical features solely in professional 

rugby backs during initial acceleration, the spatiotemporal variables of a range of team sport 

players during short sprint distances (approximately ≤ 5 m) have received a lot of attention in the 

literature (e.g., Bezodis et al., 2017; Lahti et al., 2020; Lockie et al., 2015; Lockie et al., 2014a; 

Lockie et al., 2014b; Lockie et al., 2013; Lockie et al., 2012; Lockie et al., 2011; Murata et al., 2018; 

Murphy et al., 2003; Nagahara et al., 2018a; Spinks et al., 2007; Standing & Maulder, 2017). 

Therefore, unless otherwise stated, the literature discussed in this section of the literature review 

will focus on team sport players.  

 

2.5.1 Initial acceleration spatiotemporal variables of team sport players 

Tables 2.9 to 2.11 show the spatiotemporal data of team sport players during the initial steps 

reported in a number of studies, their relationships with initial acceleration performance, the 

differences between ‘faster’ and ‘slower’ groups and their changes following training interventions. 

Despite the relatively large coverage of spatiotemporal variables during the initial steps of sprinting, 

there is a lack of consistency concerning the relationships between these variables and the initial 

acceleration performance of team sport players (Table 2.9). For instance, longer step length and 

shorter contact time (Nagahara et al., 2018a), longer step length and longer flight time (Lockie et 

al., 2013) and longer step length alone (Murata et al., 2018) have all been related to faster initial 

sprint acceleration performance. Other researchers have reported higher step rates and shorter 

flight times as sharing the strongest relationships of all step characteristics with initial sprint 

acceleration performance (Standing & Maulder, 2017), whereas no relationships between 

spatiotemporal variables and the sprint performance of team sport players during the initial steps 

have also been observed (Lockie et al., 2014a).  
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These mixed findings as to which step characteristics are related to initial sprint acceleration 

performance may be explained by several factors. Differences in the performer constraints (Newell, 

1986) between and within athlete cohorts investigated, the sprinting distance or number of steps 

used, the variables selected to assess sprint performance, and the way in which step 

characteristics have been measured may account for the inconsistent results observed. From an 

ecological dynamics standpoint (Davids et al., 2008), inter-individual differences in physical 

characteristics (e.g., anthropometric [leg length, body mass] qualities) will affect the movement 

adopted during a sprint. For instance, the longer legs of an athlete with greater stature likely results 

in longer step lengths and lower step rates (Hunter et al., 2004; Nagahara et al., 2018a). Therefore, 

leg length or stature could be considered as one explanatory reason for the different findings of 

group study designs. Accordingly, correcting for unequal stature or leg length using dimensionless 

units (e.g., Hof, 1996) for spatiotemporal variables may provide further insight in this area.  

 

The uncertainty about which, if any, step characteristics are more important for initial acceleration 

performance is compounded further by research which has compared ‘faster’ and ‘slower’ team 

sport players (Table 2.10) and training intervention studies (Table 2.11). For instance, faster groups 

during initial acceleration have been shown to produce significantly shorter contact times than 

slower groups (Lockie et al., 2011; Murphy et al., 2003), whereas sprint training interventions 

resulting in significantly better initial acceleration performance have also significantly increased the 

contact times of the team sport players involved (Lockie et al., 2014b; Lockie et al., 2012). In fact, 

enhanced initial acceleration performance may seemingly be achieved alongside a different 

combination in changes to spatiotemporal variables following sprint, plyometric and resisted sprint 

training (Lockie et al., 2014b; Lockie et al., 2012; Spinks et al., 2007). Moreover, following verbal 

instructions, changes in step characteristics have been observed without discernible changes to 

sprint performance during the initial steps (Nagahara et al., 2019), whereas changes in sprint 

performance have also been observed without meaningful changes to step characteristics during 

the first three steps (Lahti et al., 2020) or at the 5 m mark (Bezodis et al., 2017) of a sprint. 

Collectively, the findings on which step characteristics are important to initial sprint acceleration 

performance would suggest that different strategies may be adopted by different athletes to 

achieve similar sprint performance outcomes.  
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How acceleration strategies can be classified and how they may differ within rugby backs (or any 

team sport player) is not currently known. One way to identify homogenous groups of athletes 

according to their characteristics’ during sprinting is by cluster analysis (Karamanidis et al., 2011; 

Mackala et al., 2015; Naito et al., 2015). For instance, using cluster analysis sprinters have been 

classified according to their performance level over 100 m (Karamanidis et al., 2011), step length 

and step rate at maximum velocity (Naito et al., 2015). The approach has also been used to cluster 

physical education students according to their sprint performance over a range of distances, their 

step length and step rate, and a range of strength qualities and anthropometrics characteristics 

(Mackala et al., 2015). Cluster analysis has also been used to classify injured and healthy runners 

into homogenous groups according to a range of spatiotemporal variables and joint angular 

kinematics during running (Jauhiainen et al., 2020; Phinyomark et al., 2015; Watari et al., 2018). 

However, it is yet to be demonstrated how this information can be used to help improve the 

sprinting or running performances of athletes, and whether different acceleration strategies of 

rugby backs exist, and can be identified using cluster analysis, remains to be seen. Addressing 

these areas would provide a more detailed understanding of the biomechanics and motor control of 

rugby backs and may offer insight into the efficacy of training interventions aimed at enhancing 

their acceleration performance. 
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Table 2.9. Spatiotemporal variables observed in team sport players during the initial steps of sprinting and their relationships with initial acceleration performance 
 

Source 
Athlete 

information 

Step(s) / distance over 
which spatiotemporal 

data were obtained 

Initial 
acceleration 
performance 

Methods to obtain 
data 

Spatiotemporal variables 
(mean ± SD unless otherwise 

stated) 

Relationships with sprint 
performance (Pearson’s 

correlation coefficient unless 
otherwise stated) 

Lockie et al. 
(2014a) 

 
 
 
 
 

 
  

18 highly trained 
(Tier 3) 

cricketers 
(mass: 79.7 ± 

10.4 kg; stature 
1.81 ± 0.06 m) 

 
 

 
  

Steps 1-2 
 
 
 
 
 
 

 
  

5 m time = 

1.066 ± 0.037 s 

 
 
 
 
 

 
  

 
3D motion capture 
(200 Hz) to collect 

spatiotemporal 
variables. Timing 
gates to measure 

time to 5 m during 10 
m sprints (participants 
were positioned 0.30 

m behind the first 
gate at the start) 

  

 
SL: first step = 0.96 ± 0.12 m;  

second step = 1.13 ± 0.11 m 

First step r = -0.40;  
second step r = -0.17  

SR: first step = 4.05 ± 0.33 Hz;  

second step = 4.16 ± 0.33 Hz 

First step r = -0.00;  
second step r = -0.141  

CT: first step = 0.174 ± 0.013 s;  

second step = 0.152 ± 0.016 s 

First step r = -0.28;  
second step r = 0.27  

FT: first step = 0.073 ± 0.017 s;  

second step = 0.089 ± 0.016 s 

  

No data reported 
 

  

Standing & 
Maulder 
(2017) 

 
 
 
 

 
 
 
 
 
 
 

 
 
 
  

10 trained (Tier 
2) teams sport 
players (mass: 
87.3 ± 11.8 kg; 
stature 1.80 ± 

0.06 m) 
 

 
 
 
 
 
 
 
 
 
 

  

Steps 1-3 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

 
5 m time = 

1.090 ± 0.060 s 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Timing gates to 
measure time to 5 m 
(participants started 
0.50 m behind the 

first gate). Two high-
speed cameras (120 

Hz) to collect 
spatiotemporal 

variables 
 
 

 
 
 
 
 
 
  

 
SL: step 1 = 0.99 ± 0.14 m;  

step 2 = 1.12 ± 0.09 m;  

step 3 = 1.26 ± 0.12 m  

Step 3 with 5 m time: r = -0.28 (CI: 
-0.69 to 0.37; qualitative inference: 

very small) 

 
SR: step 1 = 4.54 ± 0.37 Hz;  

step 2 = 4.70 ± 0.28 Hz;  

step 3 = 4.70 ± 0.32 Hz 

 
Step 3 with 5 m time: r = -0.39 (CI: 
-0.77 to 0.21; qualitative inference: 

small) 
  

 
CT: step 1 = 0.185 ± 0.020 s;  

step 2 = 0.165 ± 0.020 s;  

step 3 = 0.150 ± 0.015 s 

Step 3 with 5 m time: r = -0.09 (CI: 
-0.61 to 0.49; qualitative inference: 

very small) 

 
FT: step 1 = 0.039 ± 0.018 s;  

step 2 = 0.047 ± 0.005 s;  

step 3 = 0.150 ± 0.015 s  

Step 3 with 5 m time: r = 0.40 (CI: 
-0.20 to 0.78; qualitative inference: 

small) 

*Statistically significant (p ≤ 0.05) 

**Statistically significant (p ≤ 0.01)    
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Table 2.9 (continued) 

Source Athlete information 

Step(s) / distance 
over which 

spatiotemporal data 
were obtained 

Initial 
acceleration 
performance 

Methods to obtain data 

Spatiotemporal variables 
(mean ± SD unless 

otherwise stated) 

Relationships with sprint 
performance (Pearson’s 
correlation coefficient 

unless otherwise stated) 

Lockie et al. 
(2013) 

 
 
 
 

 

 
22 trained (Tier 2) 
team sport players 

(mass: 83.6 ± 7.4 kg; 
stature 1.81 ± 0.07 m) 

 
 

 
 

0-5 meters 
 
 
 
 
 

 

Average velocity = 

3.76 ± 0.21 m/s 

 
 
 

 

 

High speed video camera 
(200 Hz) during 10 m 

sprints to collect 
spatiotemporal variables. A 

velocimeter to measure 
average velocity over 5 m 

 
 

 

 

SL: 1.19 ± 0.13 m 
 

r = 0.50* 

 
SR: 4.13 ± 0.12 Hz 

 
r = -0.19 

 
CT: 0.148 ± 0.015 s 

 
r = -0.22 

 
FT: 0.098 ± 0.015 s 

 
r = 0.52* 

 
 

Murata et al. 
(2018) 

 
 
 
 
 
 
 

 
 

37 trained (Tier 2) 
soccer players (mass: 
66.0 ± 6.2 kg; stature 

1.71 ± 0.06 m) 
 
 
 
 
 

 
 

Steps 1-4 
 
 
 
 
 
 
 
 

 
 

Change in running 
speed = 5.60 m/sa 

 

 

 

 
 
 
  

 
Spatiotemporal variables 

and GRF impulses 
calculated over 50 force 

plates across 50 m sprints 
 
 
 
 
  

 
 

SL: 1.20 ma 
 

 
 

r = 0.70b* 

 
SR: 4.65 ± 0.24 Hz 

 
r = -0.20ab 

 
CT: 0.160 sa 

 
r = 0.10ab 

 
FT: 0.055 sa 

 
 

 
r = 0.05ab 

 
 

Nagahara et 
al. (2018a) 

 
 
 
 
  

39 trained (Tier 2) 
soccer players (mass: 
66.3 ± 6.1 kg; stature 

1.71 ± 0.06 m) 
 

 
  

Steps 1-4 
 
 
 
 
 
  

Average velocity = 
5.40 m/sᵃ 

 
 
 
 
  

Spatiotemporal variables 
and GRF impulses 

calculated over 50 force 
plates across 60 m sprints 

 
 
 
  

 
SL: 1.20 ma 

 
r = 0.60** 

 
SR: 4.50 Hza 

 
r = 0.16 

 
CT: 0.165 sa 

 
r = -0.46* 

 
FT: 0.065 sa 

 

 
r = 0.11 

 

ᵃEstimated from figures 

*Statistically significant (p ≤ 0.05) 

**Statistically significant (p ≤ 0.01) 

ᵇPartial correlation coefficients controlling for body mass and stature 
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Table 2.10. Differences in the spatiotemporal variables between ‘faster’ and ‘slower’ team sport players during initial acceleration 

Source Athlete information 

Step(s) / distance 
over which 

spatiotemporal 
data were 
obtained 

Initial acceleration 
performance 

Methods to obtain data 
Spatiotemporal variables (mean 

± SD unless otherwise stated) 
Differences between 

groups 

 
Murphy et 
al. (2003) 
 
 
 
 

 
 
 
 
 
 
  

20 team sport players 
(rugby union, 
Australian football, 
soccer; competition 
standard not stated; 
mass: 82.6 ± 13.1 kg; 
stature 1.79  
± 0.06 m) 
 
 
 
 
 
  

 
Steps 1-2 (first step 
started at toe-off at 
the end of the initial 
push off at the start) 

 
 
 
 
 
 
 

 
  

Linear horizontal hip 
velocity for fast group = 

5.98 ± 0.15 m/s; 

 
 Linear horizontal hip 

velocity for slow group = 
5.39 ± 0.29 m/s 

 
 
 
 
 
 

  

High speed video camera 
(100 Hz) during 15 m 

sprints to measure 
spatiotemporal variables 
and linear hip velocity at 
the instance of toe-off at 
the beginning of the third 

step 
 
 
 
 

  

 
SL: faster group = 1.05 ± 0.08 m; 

slower group = 1.03 ± 0.07 m 

 
Difference not 

significant (ANOVA) 
 

SR: faster group = 3.64 ± 0.24 m; 
slower group = 3.34 ± 0.48 m 

 
Difference significant 

(ANOVA)** 
 

CT: faster group = 0.185 ± 0.015 
s; slower group = 0.210 ± 0.03 s 

 
Difference significant 

(ANOVA)** 

 
FT: faster group = 0.055 ± 0.010s; 

slower group = 0.055 ± 0.030 s 
 
 

Difference not 
significant (ANOVA) 

  

Lockie, et 
al. (2011) 

 
 
 
 
 
 
 
 
 

22 team sport players 
(competition standard 

not stated; mass: 
80.5 ± 8.5 kg; stature 

1.81 ± 0.07 m) 
 
 
 
 
 
 

0-5 m 
 
 
 
 
 
 
 
 
 
 

Average velocity for fast 
group = 3.91 ± 0.13 m/s 

 
Average velocity for slow 

group = 3.56 ± 0.10 
 
 
 
 
 
 

High speed video camera 
(100 Hz) during 10 m 

sprints to collect 
spatiotemporal variables. 
A velocimeter to measure 
average velocity over 5 m 

 
 
 
 
 

SL: faster group = 1.17 ± 0.15 m; 
slower group = 1.16 ± 0.14 m 

 

d = 0.07 
 
 

SR: faster group = 3.39 ± 0.45 m; 
slower group = 3.11 ± 0.36 m 

 

d = 0.69 
 
 

CT: faster group = 0.190 sa; 
slower group = 0.220 sa 

 

d = 1.18* 
 
 

FT: faster group = 0.105 sa; 
slower group = 0.100 sa 

- 
 

ᵃEstimated from figures 

*Statistically significant (p ≤ 0.05) 

**Statistically significant (p ≤ 0.01) 
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Table 2.11. Changes in initial acceleration spatiotemporal variables following interventions  

Source 
Athlete 

information 

Step(s) / 
distance over 

which 
spatiotemporal 

data were 
obtained 

Initial acceleration 
performance 

Methods to obtain 
data 

Spatiotemporal variables (mean ± SD 

unless otherwise stated) 

Changes in spatiotemporal 
variables following intervention 

Spinks et 
al. (2007) 

 
 
 
 
 
 
 
 
 
 
 
  

 
30 highly trained 
(Tier 3) soccer (n 
= 8), rugby union 

(n = 12) and 
Australian football 
(n = 10) players 

(mass: 83.3 ± 8.7 
kg; stature 1.82 ± 

0.06 m) 
 
 
 
 
 
 
  

 
Steps 1-2 

 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
Average velocity (0-

5 m) group range 
pre interventions = 
3.51 ± 0.32 m/s to 
3.62 ± 0.25 m/s 

 
Average velocity (0-

5 m) group range 
post interventions = 
3.69 ± 0.19 m/s to 
3.95 ± 0.30 m/s 

 
 
 
 
  

 
High speed video 
camera (100 Hz) 

during 20 m sprints 
to collect 

spatiotemporal 
variables. A 

velocimeter to 
measure average 
velocity over 5 m 

 
 
 
 
 
 
  

 
SL: pre interventions (mean across all 

groups) = 1.02 ± 0.15 m; post interventions 
(mean across all groups) = 1.01 ± 0.13 m 

  

No significant effects evident 
 
  

SR: pre interventions (mean across all 
groups) = 3.81 ± 0.40 Hz; post interventions 
(mean across all groups) = 3.95 ± 0.47 Hz 

  

No significant effects evident 
 
 
  

CT: pre interventions (mean across all 
groups) = 0.178 ± 0.020 s; post interventions 
(mean across all groups) = 0.170 ± 0.017 s 

  

Decreased following resisted and 
non-resisted sprint training in the 
first step (11.8%** and 6.3%**) 

  
FT: pre interventions (mean across all 

groups) = 0.073 ± 0.02 s; post interventions 
(mean across all groups) = 0.073 ± 0.02 s 

 

No significant effects evident 
 
 
 

Lahti et al. 
(2020) 

 
 
 
 
 
 
 
 
 

32 elite (Tier 4) 
soccer players 

(mass: 76.7 ± 7.7 
kg; stature 1.80 ± 

0.10 m) 
 
 
 
 
 
 
 

Steps 1-3 
 
 
 
 
 
 
 
 
 
 

Time to 5m pre 
intervention = 1.39 

± 0.04 s) 
 

Time to 5m post 
intervention = 1.35 

± 0.04 s) 
 
 
 
 

 
High speed video 
camera (240 Hz) 

during 30 m sprints 
to collect 

spatiotemporal 
variables. 5 m split 
time was derived 

from a radar device 
 

 
 
 

 
SL: pre interventions (mean across all 

groups) = 1.12 ± 0.08 m; post interventions 
(mean across all groups) = 1.15 ± 0.09 m 

 

No significant effects evident 
 
 

SR: pre interventions (mean across all 
groups) = 4.22 ± 0.21 Hz; post interventions 

(mean across all groups) = 4.32 ± 0.34 Hz 

 

No significant effects evident 
 
 
 

CT: pre interventions (mean across all 

groups) = 0.190 ± 0.01 s; post interventions 

(mean across all groups) = 0.183 ± 0.02 s 

No significant effects evident 
 
 

*Statistically significant (p ≤ 0.05) 
**Statistically significant (p ≤ 0.01) 
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Table 2.11 (continued) 

Source 
Athlete 

information 

Step(s) / distance 
over which 

spatiotemporal data 
were obtained 

Initial 
acceleration 
performance 

Methods to 
obtain data 

Spatiotemporal variables (mean ± SD 

unless otherwise stated) 
Changes in spatiotemporal 

variables following intervention 

Lockie et 
al. (2012) 

 
 

 
 
 
 
 

 
 
 

 

35 trained (Tier 2) 
team sports players 
(mass: 83.1 ± 8.6 
kg; stature 1.82 ± 

0.10 m) 
 
 
 
 

 
 
 
 

 

0-5 m 
 

 
 

 
 
 
 
 
 

 
 

 

Average velocity 
group range pre 
interventions = 

3.68 ± 0.13 m/s to 

3.81 ± 0.30 m/s  
 

Average velocity 
group range post 
interventions = 

3.99 ± 0.25 m/s to 
4.08 ± 0.26 m/s 

 

 

High speed video 
camera (200 Hz) 

during 10 m 
sprints to collect 
spatiotemporal 

variables. A 
velocimeter to 

measure average 
velocity over 5 m 

 
 

 

 

SL: pre interventions range 1.14 ± 0.08 m to 

1.29 ± 0.13 m; post interventions range = 

1.25 ± 0.10 m to 1.39 ± 0.11 m 

Increased following each 
intervention; range = d = 0.83 to 

1.99* 

SR: pre interventions range 2.97 ± 0.36 Hz to 

3.32 ± 0.20 Hz; post interventions range = 

2.96 ± 0.34 Hz to 3.25 ± 0.29 Hz 

Increased following the free sprint 
training intervention; d = 1.10* 

 

CT: pre interventions range 0.141 ± 0.014 s 

to 0.157 ± 0.019 s; post interventions range = 

0.142 ± 0.007s to 0.156 ± 0.017 s 

Increased following the free sprint 
training intervention; d = 1.00* 

 

FT: pre interventions range 0.089 ± 0.007 s 

to 0.096 ± 0.014 s; post interventions range = 

0.084 ± 0.009s to 0.095 ± 0.017 s 

Decreased following the free 
sprint training intervention d; = 

0.69* 

 

Lockie et 
al. (2014b) 

 
 
 
 
 
 
 
 
 

 
 
 

16 trained (Tier 2) 
team sport players 
(Australian football 
[n = 5], rugby union 
[n = 4], soccer [n = 

4], and rugby 
league [n = 3]; 

mass: 80.5 ± 5.9 
kg; stature 1.81 ± 

0.05 m) 
 
 
 
 
 
 

0-5 m  
 
 
 
 
 
 
 
 
 
 
 
 

 

Mean 5 m sprint 
time pre 

interventions = 
1.300 sa Mean 5 

m sprint time post 
interventions = 

1.250 sᵃ 
 
 
 
 
 
 
 

 
High speed video 
camera (200 Hz) 

during 10 m 
sprints to collect 
spatiotemporal 

variables. A 
velocimeter to 
measure 10 m 

sprint time 
 
 
 
 
 

 

 
SL: pre interventions (mean across all 
groups) = 1.17 ± 0.11 m; post interventions 

(mean across all groups) = 1.30 ± 0.11 m 

 

 
Increased following sprint training 

(d = 1.79**) and plyometric 
training (d = 0.83**) 

 

SR: pre interventions (mean across all 
groups) = 4.14 ± 0.24 Hz; post interventions 

(mean across all groups) = 4.13 ± 0.31 Hz 

 

No significant effects evident 
 
 
 

CT: pre interventions (mean across all 
groups) = 0.146 ± 0.010 s; post interventions 

(mean across all groups) = 0.152 ± 0.010 s 

 

Increased following sprint training 
(d = 1.22*) 

 
 

FT: pre interventions (mean across all 

groups) = 0.100 ± 0.016 s; post interventions 

(mean across all groups) = 0.095 ± 0.016 s 

Decreased following sprint training 
(d = 0.71**) 

 

*Statistically significant (p ≤ 0.05) 

**Statistically significant (p ≤ 0.01) 
†Greater than the smallest worthwhile change/difference      
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Table 2.11 (continued) 
      

Source 
Athlete 

information 

Step(s) / distance 
over which 

spatiotemporal 
data were 
obtained 

Initial acceleration 
performance 

Methods to obtain data 

Spatiotemporal variables 
(mean ± SD unless 

otherwise stated) 

Changes in spatiotemporal 
variables following intervention 

Nagahara 
et al. 
(2019) 
 
 
 
 
 
 
 
 
 
 

14 (6 females) 
recreationally 
active (Tier 1) 

adults (mass: 72.0 
± 16.1 kg; stature 

1.79 ± 0.13 m) 
 
 
 
 
 
 
 

Steps 1-4 
 
 
 
 
 
 
 
 
 
 
 
 

Velocity over each 
step. Average 
velocity over 4 

steps = 4.15 m/sa 

 

 

 

 

 

 

 

 

 

Spatiotemporal variables 
and GRF impulses 

calculated over force plates 
across 50 m sprints 

 
 
 
 
 
 
 
 
 
 

SL: 1.15 ma 

 

 

Shorter during the first step with 
intentional forward body lean; d = 

0.25a† 

SR: 3.70 Hza 

 

 

Higher during the first 2 steps with 
intentional forward body lean; d = 

0.25 to 0.50a† 

CT: 0.195 sa 

 

 

Shorter during the first step with 
intentional forward body lean; d = 

0.25a† 

FT: 0.075 sa 

 

 

Shorter during the first 4 steps with 
intentional forward body lean; d = -

0.50 to -0.25a† 

Bezodis et 
al., (2017) 

 
 
 
 
 
 
 
 

 
 

18 trained (Tier 2) 
team sport players 

(Gaelic football, 
rugby union, 

soccer) athletes 
(mass: 78.2 ± 

10.5 kg; stature 
1.76 ± 0.10 m) 

 
 
 
 

A single step at the 
5 m mark 

 
 
 
 
 
 
 
 

10 m sprint time 
range across 

conditions range = 
1.936 ± 0.095 s to 

1.992 ± 0.120 s 

 
 
 
 
 

3D motion capture to 
collect spatiotemporal 
variables. Timing gates to 
measure 10 m sprint time 
(front foot just behind first 
gate at the start) 
 
 
 
 
 
 

 
 

SL: 1.40 ± 0.10 m (mean 

across conditions) 
 

 
No significant effects evident 

 

SR: 4.41 ± 0.12 Hz (mean 

across conditions) 
 

No significant effects evident 
 
 

CT: 0.147 ± 0.066 s (mean 

across conditions) 
 

No significant effects evident 
 
 

FT: 0.080 ± 0.015 s (mean 

across conditions) 
 

No significant effects evident 
 
 

ᵃEstimated from figures 
*Statistically significant (p ≤ 0.05) 

**Statistically significant (p ≤ 0.01) 
†Greater than the smallest worthwhile change/difference 
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2.6 An ecological dynamics perspective on technical features during initial acceleration 

 
Ecological dynamics is an approach to study human movement which merges principles from 

ecological psychology and dynamical systems theory. Ecological psychology places emphasis on 

performer-environment interaction (Gibson, 1979). As a performer is provided with opportunities to 

engage with the environment, they explore the perceptual-motor workspace and the opportunities 

for action which the environment affords (Seifert et al., 2016). This ongoing interaction between 

performer and environment is central to understanding human movement from an ecological 

psychology perspective and is epitomised in Gibson’s (1979) quote that “we must perceive in order 

to move, but we must also move in order to perceive” (p. 223). Dynamical systems accounts 

consider the human as a complex system from which coordinated behaviours/actions emerge 

through a continual interaction of components of the system (Mayer-Kress et al., 2006; Rickles et 

al., 2007). Such an approach considers that there is no single ‘correct’ action, but rather different 

movement solutions will be available given the number of degrees of freedom available to solve the 

task. This was termed the ‘degrees of freedom problem’ (Bernstein, 1967) and it is proposed that 

the performer produces coordinated actions through a process of self-organisation. Through 

combining key features from these two different but complementary theoretical perspectives has 

led to the relatively recent emergence of ecological dynamics in which performer-environment 

interactions offer a series of interacting constraints from which behaviours emerge through a 

process of self-organisation as the individual seeks to control the degrees of freedom to discover 

movement solutions (Davids et al., 2013). 

 

From an ecological dynamics perspective, humans are complex adaptive systems with multiple 

interacting components (Davids et al., 2014) which is thought to result in different patterns of 

emergent behaviours. In this regard, athletes have an array of different strategies available to 

them, when sprinting, to achieve the same outcome – a concept known as degeneracy (Tononi et 

al., 1999). The process through which the system self-organises and behaviour emerges is 

considered spontaneous and is explained by dynamical systems theory which describes the 

arrangement of dynamical patterns as a function of the interaction of the performer (athlete), task 

and environmental constraints (Newell, 1986). Therefore, variation in the technique strategies 

adopted during initial sprint acceleration is likely, given the different interacting constraints at any 
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one point. Consequently, the different constraints which exist between different participant groups 

may explain the difficulty in finding consistent relationships between technical features and initial 

acceleration performance (see Sections 2.3 and 2.4).  

 

The majority of the research discussed in Section 2.2 to 2.4 was conducted on sprint athletes or on 

team sport players competing in sports other than rugby. Although some studies included rugby 

players within their cohort of participants, these players did not compete at the professional level 

(generally Tier 3 or lower) and were also considered within a wider group of non-rugby team sport 

players. The body mass (e.g., mean ± SD: 92.9 ± 9.7 kg; McHugh et al., 2021) and stature (e.g., 

mean ± SD: 1.83 ± 0.08 m; Posthumus et al., 2020) of senior professional (> Tier 3) rugby backs is 

substantially greater than the body mass and stature of participants studied in the literature 

discussed in Sections 2.2 to 2.4 (mean values for body mass and stature ranged from 64 to 87 kg 

and 1.71 to 1.82 m respectively). Furthermore, the strength-related capacities of rugby backs have 

been shown to differ significantly compared with team sport players (soccer) and sprinters (Loturco 

et al., 2021; Loturco et al., 2018). Therefore, there are clearly differences in performer constraints 

between rugby backs and other team sport players and sprinters during initial acceleration. In 

addition, there are obvious differences in environmental (e.g., running surface – track vs. 

grass/artificial turf) and task (e.g., sprint start conditions, different match-play physical, technical 

and tactical demands) constraints between rugby backs and other athletes. Collectively, these 

differences in the constraints between rugby backs and other team sport players and sprinters will 

likely influence the way they interact with their environment when sprinting during the initial steps 

(Fajen et al., 2008), and will likely require different movement solutions for the specific task at hand 

(Newell, 1986; Thelen, 1989). This highlights the specific need to study rugby backs so that 

findings from the research can be applied to this population. 

 

Ecological dynamics theory provides a rationale as to why the technical features which yield high 

initial acceleration may differ between sports as a result of the different constraints imposed on 

athletes competing in these sports. However, this theory would suggest that the same explanation 

may apply to athletes within the same sport. For example, the favourable technical features 

produced by one rugby back to achieve high sprint performance during the initial steps may not 

translate to another rugby union back, owing to differences in their constraints. That is, an optimal 

‘one-size-fits-all’ technique during initial acceleration may not exist within rugby backs. While this is 
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yet to be proven, some research exists to suggest that the technical features athletes exhibit for 

better sprinting performance may differ at the inter-individual level. For example, Salo et al. (2011) 

observed that elite to world class (Tiers 4 and 5) sprinters were typically individually reliant on the 

production of either higher step length or higher step rate (when averaged over multiple 100 m 

races) for better 100 m race performance. Although the same findings do not necessarily translate 

to rugby backs during the initial acceleration, a similar approach which seeks to determine the 

favourable techniques which are associated with the sprint performance of rugby backs at the intra-

individual may provide direction for the individualisation of sprint training interventions of 

practitioners tasked with enhancing the acceleration performance of rugby backs.  

  

2.7 Associations between strength qualities and initial acceleration performance 

 
For skilled coaches, it is possible to manipulate various constraints during training in an attempt to 

affect the emergent movement behaviour of an athlete. In a sprinting context, for example, a 

strength-based manipulation would endeavour to change the human system and alter the 

performer constraints to elicit changes in technique. There is a paucity of research concerning 

relationships between different lower limb physical qualities and movement strategies adopted by 

athletes during initial sprint acceleration. However, due to the high force and power requirements 

during the initial steps of a sprint, the relationships between the performance of team sport players 

during the initial acceleration phase and their strength-related capacities have been the subject of 

much research (e.g. Barr & Nolte, 2011; Cunningham et al., 2013; Dowson, et al., 1998; Habibi et 

al., 2010; Harris et al., 2008; Lockie, et al., 2011; Lockie, et al., 2015; Loturco et al., 2015; 

Marques, et al., 2011; McBride et al., 2009; Newman et al., 2004; Robbins & Young, 2012; 

Schuster & Jones, 2016; Sleivert & Taingahue, 2004; Turner et al., 2015; Wisloff, et al., 2004; 

Zabaloy et al., 2020). However, no study to date has investigated the strength qualities of 

professional rugby backs and their relationships with acceleration during only the initial steps (e.g., 

steps 1 to 4 or time to ≤ 5 m). Therefore, relevant literature which has investigated the associations 

between the strength qualities of a range or team sport players and their acceleration performance 

over 10 m or less will form the focus of this discussion. The strength of relationships will be defined 

as (±) < 0.10, trivial; 0.10 to 0.30, small; 0.31 to 0.50, moderate; 0.51 to 0.70, large; 0.71 to 0.90, 

very large; 0.90 to 1.00, practically perfect (Hopkins, 2002).  
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2.7.1 Maximum lower limb strength 

 
During the sprint start the body is accelerated from stationary and the large horizontal propulsive 

GRF and impulses produced have been shown to be important during the initial steps of a sprint 

(e.g., Bezodis et al., 2014; Kawamori et al., 2013; Kugler & Janshen, 2010; Mero, 1988; Rabita et 

al. 2015). During the initial steps these GRF are produced during the longest timeframes of all 

sprint phases – shown to range from approximately 0.22 to 0.14 s during the first three steps 

(Atwater, 1982, Murphy et al., 2003; Salo et al., 2005) – thus enabling the production of greater 

horizontal propulsive GRF and impulse relative to later stages in a sprint (Morin et al., 2015a). 

Logically therefore, a number of studies have investigated the relationships between maximum 

strength measures and initial acceleration performance.  

 

Table 2.12 provides a summary of the findings from studies which have investigated the 

relationships between the maximum strength of team sport players and their initial acceleration 

performance. When values are normalised to body mass, relationships are generally larger 

(absolute, mean r = -0.18; relative to body mass, mean r = -0.37), which is logical since the ability 

produce large mass-specific forces when sprinting has been shown to be a determinant of 

performance regardless of the sprint phase concerned (e.g., Weyand et al. 2000; Morin et al., 

2015a). However, the strength of the relationships (range, r = 0.04 to -0.94) observed is 

inconsistent between studies and cannot seemingly be explained by differences in sport or 

participant status. For example, moderate and large statistically significant negative relationships 

has been observed between the 1RM relative back squat and 5 m sprint times of highly trained 

rugby forwards (Zabaloy et al., 2020) and the 10 m sprint times of elite rugby players (Cunningham 

et al., 2013; playing positions not reported), respectively. However, only a small statistically non-

significant positive relationship was shown between the 1RM relative back squat of highly trained 

rugby backs and their 5 m sprint times (Zabaloy et al., 2020). Trivial to small statistically non-

significant relationships were also observed by Tillin et al. (2013) between maximal force produced 

during an isometric squat and the 5 m sprint times of university rugby players. It is difficult to 

determine therefore the importance of maximum strength to the initial acceleration performance of 

rugby backs with the currently available literature. 

 

Obtaining maximum strength measures during multi-joint exercises such as the back squat appear 

to be favoured over the measurement of single joint maximum strength. Given the high levels of 
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intermuscular coordination required to sprint, opting for multi-joint strength measures over single 

joint strength measures would seem valid in the context of initial acceleration. However, single joint 

strength measures should not be dismissed. For example, Morin et al. (2015b) found no significant 

relationships between isokinetic variables (hip extension peak torque) and propulsive horizontal 

GRF averaged over the first ten steps. However, using a linear regression model, a significant 

moderate relationship was revealed (r2 = 0.44, p = 0.04) between the combination of gluteal EMG 

activity during the end of the swing phase and hip extension (gluteal) concentric peak torque 

(120°/s) and average propulsive horizontal GRF during the first ten steps. A similar relationship 

was also observed (r2 = 0.45, p = 0.04) between average propulsive horizontal GRF during this 

sprint phase and the combination of biceps femoris EMG activity during the late swing phase and 

peak concentric knee flexion torque (120°/s) produced under isokinetic testing conditions (Morin et 

al., 2015b). Whilst this suggests that single joint strength measures are worth considering, it also 

implies that multiple factors (strength and technique) are likely to operate together to optimise GRF 

impulses, so that initial sprint acceleration performance can be maximised. Therefore, future 

research should consider using multiple regression models to investigate the combined contribution 

of different strength qualities and technical features to initial sprint acceleration performance, as 

this may be more informative than correlation analysis alone. 
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Table 2.12. Relationships between the lower limb maximum strength capacities of team sport players and sprint acceleration performance.  

Source Athlete status Strength measure Acceleration 
performance 
measure 

Pearson’s 
correlation 
coefficient 

Strength 
performance 

values reported 
 
Chelly et al. 
(2010) 

 
23 highly trained (Tier 3) 
soccer players (64.7 ± 6 kg) 

 
1RM half back squat 

 
Average velocity over the 
first step and 5m 

 
-0.58** (1st step)                                       

-0.66** (5m) 

 
- 

 
Lockie et al. 
(2015) 

 
28 (Tier 2) team sport players 
(82.4 ± 7.6 kg) 

 
3RM back squat (smith machine) 

 
Average velocity over the 
first 5 m 

 
-0.02 

 
119.1 ± 20.6 kg 

  3RM back squat (smith machine) relative 
to body mass 

 -0.11 1.44 ± 0.20 kg/kg 

Zabaloy et al. 
(2020) 

27 highly trained (Tier 3) rugby 
backs (80.4 ± 8.0 kg) 

1RM back squat  5 m sprint time 0.04 127.5 ± 19.2 kg 

  1RM back squat relative to body mass  0.11 1.59 ± 0.22 kg/kg 

  Theoretical maximum force derived 
during squat jump force-velocity profiling 

 -0.14 37.0 ± 6.2 N/kg 

 
Zabaloy et al. 
(2020) 

 
24 highly trained (Tier 3) rugby 
forwards (96.3 ± 14.0 kg) 

 
1RM back squat 

 
5 m sprint time 

 
-0.44* 

 
142.9 ± 22.6 kg 

  1RM back squat relative to body mass  -0.48* 1.50 ± 0.25 kg/kg 

  Theoretical maximum force derived 
during squat jump force-velocity profiling 

 -0.19 33.4 ± 5.0 N/kg 

 
McBride et al. 
(2009) 

 
17 highly trained (Tier 3) 
American football athletes 
(85.9 ± 8.8 kg) 
 

 
1RM back squat relative to body mass 

 
4.6 m and 9.1 m sprint 
time 

 
-0.45 

(4.6m)                                              
-0.54* (9.1m) 

 
166.5 ± 34.1 kg 

(1.94 ± 0.33 kg/kg) 

*Statistically significant (p ≤ 0.05) 
**Statistically significant (p ≤ 0.01) 
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Table 2.12 (continued) 

Source Athlete status Strength measure Acceleration 
performance 
measure 

Pearson correlation 
coefficient 

Strength performance 
values reported 

 
Cronin and 
Hansen (2005) 

 
26 highly trained to elite 
(Tiers 3 and 4) rugby league 
players (97.8 ± 11.8 kg) 

 
3RM back squat (thigh to parallel) 

 
5m and 10m 
sprint time 

 
-0.05 (5 m) 

-0.01 (10 m) 

 
13 fastest = 190 kg 
13 slowest = 169 kg 

 

  
Peak knee concentric extension 
torque at 60°/s  

 -0.34 (5 m)                                       
-0.31 (10 m) 

13 fastest = 324 Nm 
13 slowest = 294 Nm 

  

Peak knee concentric flexion 
torque at 60°/s  

 -0.19 (5 m)                                       
-0.05 (10 m) 

13 fastest = 172 Nm 
13 slowest = 166 Nm 

 
Baker and 
Nance (1999)  

 
20 elite (Tier 4) rugby league 
players (93.4 ± 11.7 kg)  

 
3RM back squat  

 
10m sprint time 

 
-0.06 

 
157.9 ± 18.8 kg 

  
3RM back squat relative to body 
mass 

 
-0.39* 1.69 ± 0.20 kg/kg 

 
Wisloff et al. 
(2004) 

 
17 elite (Tier 4) soccer 
players (76.5 ± 7.6 kg) 

 
1RM half back squat (knee angle 
to 90°) raised to the power of 0.67 

 
10m sprint time 

 
-0.94** 

 
171.7 ± 21.2 kg 

(2.2 ± 0.30 kg/kg; 
allometrically scaled to 0.67: 

9.4 ± 1.5) 
 
Cunningham 
et al. (2013) 

 
20 elite (Tier 4) rugby 
players (105.5 ± 11.9 kg) 

 
3RM back squat  

 
10m sprint time 

 
0.17 

 
186.2 ± 22.6 kg 

 
  3RM back squat relative to body 

mass 
 -0.55* 1.76 ± 0.21 kg/kg 

*Statistically significant (p ≤ 0.05) 
**Statistically significant (p ≤ 0.01) 
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2.7.2 Explosive strength 

 
The capacity to produce high levels of lower limb energy generation is necessary during the initial 

steps for high acceleration performance (e.g., Bezodis et al., 2014; Debaere et al., 2013a; Jacobs 

& van Ingen Schenau, 1992; Schache et al., 2019). Moreover, the ability to transfer this energy at a 

high rate, and thus power, is clearly important since the ground contact times in early acceleration 

typically range from approximately 0.20 s in the first step of a sprint decreasing consecutively to 

approximately 0.15 s by step three in trained to elite athletes (Atwater, 1982; Murphy et al., 2003; 

Salo et al., 2005). Whilst these durations are longer compared to later sprint phases, they are still 

short with regards to the typical time needed for muscles to reach their maximum force production 

capabilities (e.g., Thornstensson et al., 1976). Therefore, the explosive strength qualities of 

individuals (i.e., in this context the ability to generate high levels of lower limb power within short 

timeframes) may be more important to their initial acceleration performance than their maximum 

strength capacity.   

 

Table 2.13 summarises a number of studies which have investigated the relationships between 

explosive strength and acceleration performance. Generally, the strength of these relationships 

appears greater compared with maximum strength measures and the same sprint phase. This is 

likely due to the greater rate of energy generation requirements needed for better performance in 

the explosive strength assessments and their greater compatibility with accelerative sprint 

performance with regards to the time constraints imposed. 

 

Numerous metrics have been used as a measure of explosive strength during different 

assessments (Table 2.13). Of all explosive strength measures, various jump-based performances 

appear to correlate the highest to acceleration performance. Regardless of the metric used, when 

such measures are expressed relative to the athlete’s body mass relationships with sprint 

acceleration performance appear greater, which is consistent with the relationships between 

maximum strength and acceleration performance (Table 2.12). This is logical given that the 

production of force output per unit of body mass is essential for maximising performance during 

initial sprint acceleration (e.g., Rabita et al., 2015). However, Zabaloy et al. (2020) observed only 

small statistically non-significant relationships of peak mean power derived from the squat jump 

force-velocity profiling of Samozino et al. (2013) and jump height during squat jumps and 
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countermovement jumps with the 5 m sprint times of highly trained rugby backs (Zabaloy et al., 

2020). This finding aside, based on the moderate to very large statistically significant relationships 

shown between acceleration performance and jump based performance, the findings suggest high 

levels of concentric explosive strength are beneficial to acceleration performance and are 

supported by the literature showing that high levels of lower limb energy generation are necessary 

during the initial steps for high acceleration performance (e.g., Bezodis et al., 2014; Debaere et al., 

2013a; Jacobs & van Ingen Schenau, 1992; Schache et al., 2019). 
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Table 2.13. Relationships between the lower limb explosive strength capacities of team sport players and sprint acceleration performance. 

Source Athlete status Strength measure Acceleration 
performance 
measure 

Pearson’s correlation 
coefficient 

Strength performance 
values reported 

 
Lockie et al. 
(2015) 

 
28 (Tier 2) team sport 
players (82.4 ± 7.6 kg) 

 
Countermovement jump height 

 
Average velocity 
over the first 5 m 

 
0.40* 

 
0.39 ± 0.05 m 

  Countermovement jump power index (√4.9 ∙

𝑏𝑜𝑑𝑦 𝑚𝑎𝑠𝑠 ∙ √𝑗𝑢𝑚𝑝 ℎ𝑒𝑖𝑔ℎ𝑡) 

 0.31 113 ± 14 

Loturco et 
al. (2015) 

27 (Tier 3) highly 
trained soccer players 
(74.4 ± 9.5 kg) 

Squat jump using a load which elicited peak 
mean power (smith machine from a 100° 
knee angle) power relative to body mass 

Average velocity 
over the first 5 m 
 
 

0.71** 698 ± 113 W 
(9.42 ± 1.6 W/kg) 

 

  Olympic push press using a load which 
elicited peak mean propulsive power 
relative to body mass 

 

0.41* 727 ± 135 W 
(9,78 ± 1.69 W/kg) 

Zabaloy et 
al. (2020) 

27 highly trained (Tier 
3) rugby backs (80.4 ± 
8.0 kg) 

Theoretical peak mean power derived 
during squat jump force-velocity profiling 

5 m sprint time 
 
 

0.18 2061 ± 359 W 
(25.6 ± 4.8 W/kg) 

  Squat jump height 
 

0.11 0.309 ± 0.415 m 

  Countermovement jump height 
 

0.13 0.355 ± 0.464 m 

*Statistically significant (p ≤ 0.05) 
**Statistically significant (p ≤ 0.01) 
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Table 2.13 (continued) 

Source Athlete status Strength measure Acceleration 
performance 

measure 

Pearson correlation 
coefficient 

Strength 
performance values 

reported 

Sleivert and 
Taingahue 
(2004) 
 
 
 
 
 

 
30 trained (Tier 2) 
rugby and basketball 
players (90.6 ± 9.3 kg) 
 
 
 

 
Squat jump average power relative to body massᵃ 

 
5m sprint 

time 

 
-0.64** 

 
641 ± 11.6 W 

7.07 ± 1.25 W/kg 
Split squat jump average power relative to body massᵇ 

 

-0.68** 663 ± 121.4 W 
7.32 ± 1.34 W/kg 

squat jump peak power relative to body massᵃ 

 

-0.66** 1593 ± 258.1 W 
17.58 ± 2.85 W/kg 

 

Split squat jump peak power relative to body massᵇ 

 

-0.65** 1549 ± 285.4 W 
17.10 ± 3.15 W/kg 

  

squat jump peak force relative to body massᵃ 

 

-0.59** 1348 ± 201.1 W 
14.88 ± 2.22 W/kg 

  

Split squat jump peak force relative to body massᵇ 

 

-0.49** 1731 ± 294.5 W 
19.10 ± 3.25 W/kg 

  

Squat jump peak RFD relative to body massᵃ 

 

-0.40* 2993 ± 791.8 N/s 
33.04 ± 8.74 N/s/kg 

  

Split squat jump peak RFD relative to body massᵇ 

 

-0.54** 3724 ± 1140.7 N/s 
41.10 ± 12.59 N/s/kg 

  
Squat jump peak velocityᵃ 

 
-0.40* 1.97 ± 0.13 m/s 

  

Split squat jump peak velocityᵇ 

 

-0.45** 1.64 ± 0.17 m/s 

 
   *Statistically significant (p ≤ 0.05) 
   *Statistically significant (p ≤ 0.01) 
   ᵃperformed in a smith machine with a load equivalent to 40% 1RM smith machine squat 
   ᵇperformed in a smith machine with a load equivalent to 40% 1RM smith machine split squat 
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Table 2.13 (continued) 

Source Athlete status Strength measure Acceleration 
performance 
measure 

Pearson 
correlation 
coefficient 

Strength 
performance 

values reported 

Marques 
et al. 
(2011) 

25 trained (Tier 2) physical 
education students competing 
in team sports (68.3 ± 5.4 kg) 

Countermovement jump bar displacement 

Countermovement jump bar displacement time duration 

Countermovement jump propulsive time duration 

Countermovement jump time to peak bar velocity 

Countermovement jump mean bar velocity 

Countermovement jump peak bar velocity 

Countermovement jump mean force 

Countermovement jump mean force until peak velocity 

Countermovement jump mean propulsive force 

Countermovement jump peak force 

Countermovement jump time to peak force 

Countermovement jump mechanical impulse 

Countermovement jump maximum RFD 

Countermovement jump time to maximum RFD 

Countermovement jump mean power 

Countermovement jump mean power until peak velocity 

Countermovement jump mean propulsive power 

Countermovement jump peak power 

Countermovement jump time to peak power 

5 m sprint time -0.68** 

-0.70** 

-0.74** 

-0.66** 

-0.23 

-0.31 

-0.38 

-0.68** 

-0.80** 

-0.43 

-0.13 

-0.70** 

-0.35 

-0.07 

-0.23 

-0.65** 

-0.72** 

-0.50 

-0.66** 
 

- 

*Statistically significant (p ≤ 0.05) 
**Statistically significant (p ≤ 0.01) 
 

- 

 



 

 
 

8
3
 

Table 2.13 (continued) 
  
Source Athlete status Strength measure Acceleration 

performance 
measure 

Pearson correlation 
coefficient 

Strength 
performance values 

reported 

 
Zabaloy et 
al. (2020) 

 
24 highly trained (Tier 3) 
rugby forwards (96.3 ± 14.0 
kg) 

 
Theoretical peak mean power derived 
during squat jump force-velocity profiling 

 
5 m sprint time 

 
 

 
-0.30 

 
2315 ± 359 W 

(24.0 ± 6.0 W/kg) 

  Squat jump height 
 

-0.43* 0.288 ± 0.493 m 

  Countermovement jump height 
 

-0.54** 0.331 ± 0.557 m 

 
Cronin and 
Hansen 
(2005) 

 
26 highly trained to elite 
(Tiers 3 and 4) rugby league 
players (97.8 ± 11.8 kg) 

 
Peak knee concentric extension torque 
at 300°/s 

 
5 m and 10 m 

sprint time 

 
-0.04 and 0.00 (300°/s for 5 
m and 10 m, respectively) 

 
13 fastest = 180 Nm                 
13 slowest = 168 Nm 

  
Peak knee concentric flexion torque at 
300°/s 

 
-0.13 and -0.05 (300°/s for 
5m and 10m, respectively) 

13 fastest = 127 Nm                    
13 slowest = 126 Nm 

  
Countermovement jump height (no arm 
swing) 

 
-0.60* (5 m)                                                  
-0.62* (10 m) 

13 fastest = 0.47 m                      
13 slowest = 0.37 m 

  
Squat jump height (30kg loaded bar)  

 
-0.64* (5 m)                                                  
-0.66* (10 m) 

13 fastest = 0.31 m                 
13 slowest = 0.27 m 

  
Average power during squat jump (30kg 
loaded bar) 

 
-0.13 (absolute at 5 m)                              

-0.55* (relative to body mass 
at 5 m)                                                 

-0.11 (absolute at 10 m)                         
-0.54* (relative to body mass 

at 10 m) 

13 fastest = 2227 W 
(22.4 W/kg) 

13 slowest = 2144 W 
(21.4 W/kg) 

*Statistically significant (p ≤ 0.05) 
**Statistically significant (p ≤ 0.01) 
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Table 2.13 (continued) 

Source Athlete status Strength measure Acceleration 
performance 
measure 

Pearson correlation 
coefficient 

Strength performance 
values reported 

Bracic et al. 
(2011) 

36 physical education 
students (participant 
status not provided; 78.9 
± 7.3 kg) 

Time to peak concentric torque relative 
to body mass of the hamstrings at 
240°/s on an isokinetic dynamometer  

5 m and 10 m sprint 
time 

-0.55** (hamstrings, 5 m) 
-0.44** (hamstrings, 10 m)  

105.7 ± 1.83 Nm (time to 
peak torque = 0.21 ± 0.08 s) 

1.34 ± 0.25 Nm/kg  

 Time to peak concentric torque relative 
to body mass of the quadriceps at 
240°/s on an isokinetic dynamometer 
 

 Values not reported and were 
non-significant 

135.7 ± 2.26 Nm (time to 
peak torque = 0.16 ± 0.07 s) 

1.72 ± 0.31 Nm/kg 

Baker and 
Nance 
(1999) 

20 elite (Tier 4) rugby 
league players (93.4 ± 
11.7 kg) 

3RM hang power clean 10 m sprint time -0.36 (absolute)                                 
-0.56* (relative to body mass) 

102.2 ± 13.4 kg 
1.09 ± 0.14 kg/kg 

40 kg jump squat average power 
 

-0.02 (absolute)                                 
-0.52* (relative to body mass) 

1626 ± 238 W 
17.41 ± 2.55 W/kg 

  
60 kg jump squat average power 

 
-0.03 (absolute)                                 

-0.57* (relative to body mass) 
1739 ± 209 W 

18.62 ± 2.24 W/kg   
80 kg jump squat average power 

 
-0.07 (absolute)                                  

-0.53* (relative to body mass) 
1842 ± 221 W 

19.72 ± 2.37 W/kg    
100 kg jump squat average power 

 
-0.08 (absolute)                                    

-0.61* (relative to body mass) 
1856 ± 252 W 

19.87 ± 2.70 W/kg 
  

Jump squat max power 

 

-0.07 (absolute)                             
--0.56* (relative to body mass)  

1894 ± 226 W 
20.28 ± 2.42 W/kg  

 
Wisloff et al. 
(2004) 

 
17 elite (Tier 4) soccer 
players (76.5 ± 7.6 kg) 

 
Countermovement jump height 

 
10 m sprint time 

 
-0.72** (10 m) 

 
0.56 ± 0.04 m 

 
Cunningham 
et al. (2013) 

 
20 elite (Tier 4) rugby 
players (105.5 ± 11.9 kg) 

 
Peak power during countermovement 
jump  

 
10 m sprint time 

 
-0.14 (absolute)                             

-0.82** (relative to body mass) 

 
5476 ± 616.4 W 

51.91 ± 5.84 W/kg   
Countermovement jump height 

 
-0.88** - 

*Statistically significant (p ≤ 0.05) 
**Statistically significant (p ≤ 0.01) 
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2.7.3 Stiffness and reactive strength 

 
Regardless of an athlete’s maximum or power capabilities, the potential of their powerful lower limb 

actions to generate large amounts of energy and produce high propulsive GRF is unlikely to be 

fully realised unless a suitably ‘stiff’ leg is adopted during stance. Stiffness refers to the amount of 

deformation of an object under a given unit of force and is calculated at the CM and leg levels 

through the division of the peak GRF by CM (vertical stiffness) or whole leg (leg stiffness) 

displacement, or at the joint level by the ratio of the change in joint moment and the change in joint 

angle. Commonly stiffness is measured during ‘rebounding’ activities such as hopping and 

sprinting (e.g., Arampatzis et al., 1999; Charalambous et al., 2012; Chelly & Denis, 2001). Powerful 

hip extension and knee flexion of the swing leg just prior to touchdown will result in rapid thigh and 

shank segment rotations and thus rapid foot translation into ground contact (Clark et al., 2020). To 

overcome the downwards velocity of the leg and the negative vertical velocity of the body during 

ground contact quickly, the ability to resist leg deformation – thus stiffness - would appear 

important. Leg stiffness during the ground contact phase of running has been reported to increase 

when velocity increases (Arampatzis et al., 1999; Luhtanen & Komi, 1980) and it is thought that a 

stiffer system allows for more efficient elastic energy contribution, thus potentially enhancing force 

production (Farley & Morgenroth, 1999). 

 

Vertical and leg stiffness during stance would seem more important during the maximum velocity 

phase of sprinting compared with the initial steps of a sprint. For example, Chelly and Denis (2001) 

measured accelerations and maximum velocities of 11 developmental (Tier 2) handball players 

(body mass 68 ± 7 kg) during a 40 m sprint by radar. They also measured vertical stiffness during a 

hopping test (vertical jump rebounds from a standing position for 10 s on a force platform). Vertical 

stiffness was significantly positively correlated with maximum velocity (r = 0.68, p < 0.05), but not 

the initial acceleration magnitude of participants (Chelly & Denis, 2001). Bret et al. (2002) found 

developmental and trained (Tier 2) sprinters (mean 100 m time reported 11.40 s; body mass 72.8 ± 

7.6 kg) who had the greatest leg stiffness (obtained during a repeated hopping test) produced the 

highest mean velocity between 30 m and 60 m, but leg stiffness was not related to the mean 

velocities achieved over the first 30 m (Bret et al., 2002). Instead, the countermovement jump was 

found to be the main predictor of sprint performance to 30 m (r = 0.66, p < 0.01).  
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Similar findings were evident in 20 elite (Tier 4) rugby players where a moderate statistically 

significant negative relationship was found between their 20 to 30 m split time during a sprint and 

vertical stiffness measured during a two-legged hopping test (r = - 0.46, p = < 0.05), although only 

a small statistically non-significant negative relationship (r = -0.28) was observed between vertical 

stiffness and 10 m sprint time (Cunningham et al., 2013). Interestingly a large statistically 

significant negative relationship (r = -0.60, p = < 0.01) was observed between the reactive strength 

index (RSI) of participants measured during drop jumps from a 40 cm high box (flight time [s] 

divided by contact time [s]) and their 10 m sprint time (Cunningham et al., 2013). However, when 

contact time alone during the drop jumps was analysed, only a moderate statistically non-

significant positive relationship (r = 0.38) was found between this variable and 10 m sprint time 

(Cunningham et al., 2013). This would seem logical given that contact time can be used in the 

estimation of vertical stiffness during hopping tasks (e.g., Dalleau et al., 2004), whereby a shorter 

ground contact time is reflective of reduced CM displacement during ground contact. This suggests 

that reactive strength may be of importance to the early acceleration phase, but the ability to 

generate a higher jump height, rather than reducing contact time in a drop jump is more related to 

initial acceleration performance. Therefore, the reasons why leg stiffness appears to be correlated 

to maximum velocity, but not initial acceleration performance may in part be explained by the 

longer contact times during the initial steps alongside the greater emphasis on power generation 

compared with the maximum velocity phase where there is a greater power absorption emphasis 

(e.g., Bezodis et al., 2008).  

 

Although vertical or leg stiffness may not be related to performance during the initial steps of a 

sprint, research demonstrates that attenuating the degree of ankle dorsiflexion (Bezodis et al., 

2015), and that higher levels of ankle joint stiffness during the negative phase of the ground 

contact (Charalambous et al., 2012), may be advantageous to initial sprint acceleration 

performance. This is likely because, unlike the hip and knee joints during early acceleration, the 

ankle shows a clear pattern of dorsi-flexion followed by plantarflexion, and thus energy absorption 

then generation (e.g., Bezodis, et al., 2014; Charalambous et al., 2012; Debaere et al., 2013a). A 

stable ankle joint during the first quarter of the stance is therefore necessary so that the hip 

extensor moments can effectively accelerate the CM horizontally (see Section 2.3.4). Therefore, 

since leg stiffness has been shown to primarily depend on ankle joint stiffness during hopping tasks 

(Farley & Morgenroth, 1999), leg or vertical stiffness assessments may still provide useful in 
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establishing the strength qualities of an athlete necessary to optimise sprint performance during the 

initial steps. As highlighted earlier, multiple regression analyses may also provide further insight 

into the combined relationships of multiple strength qualities (i.e., given the likely synergy between 

the hip and ankle joints during acceleration) with initial sprint performance and technique. 

 

2.8 Training intervention studies 

The number of studies which have investigated the efficacy of training interventions on the short 

sprint performance of team sport players is vast. Despite the importance of initial acceleration in 

team sports, the best training methods to enhance sprinting performance in this phase is unclear 

(Nicholson et al., 2021). Sport only training which does not include elements specifically aimed at 

enhancing speed has shown to be insufficient for significantly improving the sprint performance of 

a range of team sport players over the first 5 or 10 m (e.g., Alves et al., 2010; Brito et al., 2014; 

Coratella et al., 2019; Faude et al., 2013;  Hammami et al., 2019; Ishøi et al., 2018; Krommes et 

al., 2017; Mendiguchia et al., 2015; Rimmer & Sleivert, 2000; Rodríguez-Rosell et al., 2017; 

Rodríguez-Rosell et al., 2016; Ronnestad et al., 2008; Spinks et al., 2007; Suarez-Arrones et al., 

2019; Torres-Torrelo et al., 2017; Wong et al., 2010). Whilst rugby backs will undertake training for 

multiple reasons and not solely for the development of speed (e.g., for technical, tactical, strength, 

power and endurance purposes), these findings suggest that, in addition to rugby training, to 

enhance the initial acceleration of rugby backs, training methods with the specific intention of 

enhancing sprinting performance are needed to enhance the initial acceleration of rugby backs. 

 

Due to the need for the concurrent training of multiple physical qualities in team sport players, like 

rugby backs, understanding the most effective training methods for enhancing their initial 

acceleration is difficult to determine from the existing literature. For instance, although studies may 

categorise a specific intervention based on a single training method (e.g., plyometrics), the 

additional training that is routinely conducted as part of the athletes’ training week is rarely taken 

into consideration, even in most reviews and meta-analyses (e.g., Alcaraz et al., 2018; Garcia-

Ramos et al., 2018; Rumpf et al., 2016). Differences in playing standard, age, training background, 

sport and seasonal training phase also provide challenges in trying to ascertain what the most 

effective interventions are for enhancing initial acceleration performance. As already discussed, 

differences in the constraints between athletes (see Section 2.5) will likely alter their system 

behaviour (Newell, 1986) and thus the same response of an intervention may not be elicited across 

https://pubmed.ncbi.nlm.nih.gov/?term=Ish%C3%B8i+L&cauthor_id=29192837
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all team sport players. Therefore, interventions ought to be considered on an individual-specific 

basis in the context of a particular individual’s constraints. 

 

Nicholson et al. (2021) provided the largest systematic review and meta-analysis comparing 

multiple training methods for developing the acceleration performance of team sport players whilst 

also considering the routine training of groups alongside the specified interventions being applied 

as well as different ‘moderator’ effects (e.g., playing standard, age, gender, training background, 

sport, and seasonal training phase). Nicholson et al. (2021) reported moderate to large significant 

improvements in sprint performance (standardised mean differences [SMD] range = 0.52 to 1.33; p 

0.04 to < 0.001) over 5 or 10 m following methods which individually employed strength-based 

interventions, resistance (e.g., sled) or assistance (e.g., pulley) sprint training interventions and 

combined training interventions which included different combinations of specific sprint training 

(‘free’ sprinting and sprint-technique drills), strength-based training and resisted/assisted sprinting. 

Specifically, in rugby sport players (i.e., rugby union, rugby league, rugby sevens; Comfort et al., 

2012; Harrison & Bourke, 2009; Winwood et al., 2015) or in groups of team sport players including 

those who compete in rugby sports (Lockie et al., 2014; Lockie et al., 2014; Spinks et al., 2007), 

changes in their sprinting performance over the first 5 m has been shown to improve by small to 

very large magnitudes (mean ± SD, range: d = 1.28 ± 0.92, 0.36 to 3.45) following interventions 

employing either strength-based, resisted/assisted sprinting or combined training methods. 

However, no studies directly assessed the efficacy of sprint specific training (‘free’ sprinting and 

sprint-technique drills) on the initial acceleration performance of rugby players, and it is not known 

therefore how sprint specific training can impact the sprinting performance of rugby backs during 

the initial steps of a sprint. 

 

Interestingly, the findings reported in the Nicholson et al. (2021) review and meta-analysis showed 

sprint specific training to be the least effective of all methods analysed for improving initial 

acceleration performance (SMD range = -0.13 [5 m sprint performance], -0.04 [10 m sprint 

performance]. However, only 11 out of 121 studies met the inclusion criteria of their research and 

thus relative to the number of studies which have investigated the efficacy of other training 

methods to enhance acceleration performance, the research on this specific area is lacking. 

Furthermore, no study to date has attempted to conduct sprint acceleration training interventions 

for athletes based on their individual technical needs, which have been identified during prior 
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analysis. Given the emphasis which is placed on understanding how the dynamics of each 

individual affect the way they self-organise to satisfy the specific constraints of a task (e.g., 

sprinting) when interacting with their environment (Davids et al., 2014), research in this area is 

needed to advance the knowledge of practitioners working with rugby backs and to inform their 

sprint acceleration training practices.  

 

2.9 Literature review summary 

 
From the research reviewed it is evident that the production of large horizontal propulsive GRFs in 

short timeframes and the ability to orient the resultant GRF vector more horizontally are key 

determinants for initial acceleration performance. These GRF characteristics are produced while 

large amounts of energy are generated by the lower limb. The contribution of the hip extensor and 

plantarflexor moments and the power generated at the hip and ankle during the stance phase 

appear to be particularly important for the achievement of high acceleration performance in the 

initial steps.  

 

Whilst the GRF characteristics and joint kinetic associations with initial acceleration performance 

are relatively well established, how the kinematic aspects of athletes’ technique relate to their 

performance in this sprint phase is less clear and conflicting perspectives exist on which, if any, 

technical features are more important for initial acceleration performance. Furthermore, the majority 

of the current understanding of sprint acceleration technique is primarily based on the data from 

sprinters and whether this information is transferable to rugby backs is unclear, due to differing 

ecological constraints between sprinters and rugby players. Whilst the literature demonstrates in 

some cases that performer constraints, in the way of strength qualities, are related to, and can be 

trained to enhance, the initial acceleration performance of team sport players, it is not known how 

the strength qualities of rugby backs interact with their technique to produce high acceleration 

performance during the initial steps. Research in this area is ultimately needed to determine how 

the initial acceleration performance of rugby backs competing in a truly high-performance sporting 

environment can be enhanced. 
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CHAPTER 3: DIFFERENCES IN SPATIOTEMPORAL AND LINEAR KINEMATICS 

BETWEEN RUGBY PLAYERS AND SPRINTERS DURING SPRINT ACCELERATION 

 

A version of the study reported in this chapter was published in the European Journal of Sport 

Science as Wild et al. (2018) - doi.org/10.1080/17461391.2018.1490459. The study presented 

here has been updated and revised to take account of research published since the study’s 

publication and to integrate fully within the thesis narrative. 

3.1 Introduction 

The ability to achieve high acceleration during the initial steps is an important aspect of a rugby 

back’s performance in during a rugby match. However, as discussed in the previous chapter much 

of the current understanding of acceleration technique is from studies of track and field sprinters 

(e.g., Bezodis, et al., 2014; Bezodis et al., 2015; Debaere et al., 2013a; Ettema et al., 2016; Jacobs 

& van Ingen Schenau, 1992; Mero et al.,1983; Morin et al., 2015a; Nagahara et al., 2014a; Rabita 

et al., 2015). This information is potentially attractive to coaches of rugby backs since it is based on 

the fastest of all athletes and may be used to help inform their players’ sprint training practices. 

However, this approach implies that an ideal movement template exists for all athletes and does 

not take into account the differing movement strategies which may emerge from the interaction of 

divergent constraints imposed (Newell, 1986).  

 

Considering that task, environmental and performer constraints are thought to influence movement 

(Newell, 1986), variations in technique and movement patterns can emerge (Davids et al., 2008; 

Newell, 1986) as a function of differing interacting constraints between rugby players and sprinters. 

The block exit (sprinters) and standing (rugby players) start conditions (task constraints), for 

instance, require different body segment orientations which are likely to influence techniques 

adopted in the subsequent steps. The environment in which each group performs also differs. For 

example, rugby is typically played on a grass surface, whereas sprinters compete on a running 

track. Rugby players are also required to sprint as one of many match demands in their training 

and competition environments. Differences in such demands are also further evident across 

playing position in rugby (i.e., backs vs. forwards). Regarding performer constraints, movement 

strategies adopted between athlete groups are also likely to be affected by physical and anatomical 

constraints (Holt, 1998). Different performer constraints between sprinters and rugby players, such 

https://www.tandfonline.com/doi/abs/10.1080/17461391.2018.1490459?journalCode=tejs20
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as physical stature and body mass, musculoskeletal structure (Lee & Piazza, 2009) and strength 

qualities may therefore result in different patterns of movement. It is therefore important to 

understand which, if any, of the technical features identified as important for sprint acceleration 

performance in sprinters may inform the practices of coaches in attempts to enhance the 

acceleration abilities of rugby players, given the differing constraints imposed.  

 

There are likely many technical factors which influence initial sprint acceleration performance. 

However, ‘higher order’ spatiotemporal variables, including step length and step rate (the product 

of which determines step velocity) and contact and flight times have received substantial attention 

in the literature (e.g., Debaere et al., 2013b; Lockie et al., 2013; Mackala et al., 2015; Mann & 

Murphy, 2015; Mero et al., 1983; Murphy, et al., 2003; Nagahara et al., 2014b; Rabita et al., 2015). 

Despite this coverage, there remain conflicting perspectives on the importance of these higher 

order spatiotemporal variables during the initial acceleration (i.e., the first three of four steps; 

Nagahara et al., 2014a; von Lieres Und Wilkau et al., 2020b) and the information available on the 

linear kinematics which determine these factors (Hay, 1994; Hunter et al., 2004) is sparse. The 

difficulty in establishing the importance of such technical features for acceleration performance is 

further compounded by different measures used (e.g., absolute or relative), study designs adopted 

(e.g., correlations or group comparisons) and disparities between how acceleration performance is 

quantified, which may explain some of the contradictions (Bezodis et al., 2010).  

 

Therefore, the aim of this chapter was to undertake a direct comparison between groups of rugby 

players and sprinters, with start conditions representative of their respective environments and 

standardised measures of the technical features of interest and sprint performance in the initial 

steps. Research question I - ‘What are the difference in spatiotemporal variables and linear 

kinematics between professional rugby players and sprinters during the initial steps or a sprint, and 

how do they relate to performance?’ - was developed to address this aim. By doing so, 

practitioners applying technical interventions would be better informed on how well the kinematic 

aspects of a sprinter’s technique can translate to rugby backs. 
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3.2 Methods 

3.2.1 Participants 

Eighteen male trained to elite (Tiers 2 to 4) sprinters (mean ± SD: age 21 ± 4 years; stature 1.80 ± 

0.10 m; body mass 75.7 ± 5.2 kg; 100 m personal best (PB) 10.60 ± 0.40 s, range 9.96 - 11.33 s) 

and 30 male professional (Tiers 4 to 5) rugby union players competing in the English Premiership 

Rugby division, separated into forwards (n = 15; mean ± SD: age 25 ± 4 years; stature 1.88 ± 0.06 

m; body mass 111.6 ± 8.9 kg) and backs (n = 15; mean ± SD: age 26 ± 4 years; stature 1.81 ± 0.06 

m; body mass 88.6 ± 7.1 kg) volunteered to participate. All participants provided written informed 

consent and the study protocols were submitted to, and approved by, the Local Research Ethics 

Committee (see Appendix B for ethics approvals for all studies in the chapters of this thesis). At the 

time of testing, participants were injury free and completed maximal effort sprint accelerations on a 

weekly basis as part of their routine training. For the rugby players, data were collected during pre-

season following 48 hours of abstinence from running, sprinting, and lower body strength training. 

For the sprinters, data were collected during track training sessions just prior to the competition 

phase of the outdoor season on days where the emphasis of training was to sprint maximally over 

distances between 30 and 60 m from starting blocks set up to their preferred positioning. 

 

3.2.2 Procedures 

The rugby players completed a 20-minute standardised warm-up (see Appendix C), and then 

performed three maximal effort 10 m sprints from a standing start (preferred foot forward), on an 

outdoor acrylic surface, wearing a t-shirt, shorts and trainers. Rest periods between each sprint 

were approximately 3-4 minutes. On an outdoor running track, the sprinters completed their regular 

warm-up routine overseen by their technical coach, and then completed three maximal effort 

sprints from blocks wearing spikes, shorts and either a vest or no top. Rest periods between each 

sprint were between 7-12 minutes. For all sprints, video images (448 × 336 pixels) were obtained 

at 240 Hz (Sanyo Xacti VPC-HD2000). The camera was positioned 20 m from, and perpendicular 

to, the running lane to capture sagittal plane images from touchdown and toe-off across the first 

three steps for each athlete within an approximately 6 m wide field of view. A 5.00 m horizontal 

video calibration was recorded at each data collection session. 

 

The kinematic variables of interest were determined from the video frames identified as the instants 

of touchdown (first frame the foot was visibly in contact with the ground) and toe-off (first frame the 
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foot had visibly left the ground) across the first three steps of each sprint using Kinovea (v.0.8.15). 

The human body was modelled as 14 rigid segments: feet, shanks, thighs, hands, lower arms, 

upper arms, trunk, and head. This required manual digitisation of the following: vertex of the head, 

halfway between the supra-sternal notch and the 7th cervical vertebra, shoulder, elbow and wrist 

joint centres, head of third metacarpal, hip, knee and ankle joint centres, the most posterior part of 

the heel, and the tip of the toe.  

 

The scaled digitised coordinates were exported to Excel (Microsoft Office 2013), where the 

following spatiotemporal step characteristics were determined: contact time (s), flight time (s), step 

length (m; horizontal displacement between the toe tips at adjacent touchdowns), step rate (Hz; the 

reciprocal of step duration, which was determined as the sum of contact time and the subsequent 

flight time), and step velocity (m/s; the product of step length and step rate). Whole body centre of 

mass (CM) location was calculated using de Leva’s (1996) segmental inertia data. This enabled 

the calculation of touchdown and toe-off distances (m; horizontal distance between the toe and 

whole-body CM, with positive values representing the toe ahead of the CM), contact length (m; 

horizontal distance the CM travelled during stance) and flight length (m; horizontal distance the CM 

travelled during flight). All lengths and distances were normalised to stature. Finally, average 

horizontal external power was calculated from the instant of the first touchdown until the end of the 

third contact phase, and used as an objective measure of sprint acceleration performance (Bezodis 

et al., 2010). To facilitate between-group comparisons, this was normalised according to a 

modification of the equation presented by Hof (1996) as used by Bezodis et al. (2010). 

 

3.2.3 Statistical analyses 

Test-retest intra-rater reliability of manual digitisation was determined (Hopkins, 2015) using an 

intraclass correlation coefficient (ICC 3,1) with 90% confidence intervals. ICC values less than 

0.50, between 0.50 and 0.75, between 0.75 and 0.90, and greater than 0.90 were used to indicate 

poor, moderate, good, and excellent reliability (Portney & Watkins, 2000). The segment endpoints 

at the instant of touchdown and toe-off, for ten participants selected at random, were digitised on 

two separate occasions, one week apart.  

 

The data obtained for each kinematic variable in each step individually were averaged across the 

three sprint trials of each participant. Independent Samples t-tests were used to compare the 
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means between each independent group to determine whether they were statistically different. The 

magnitudes of the differences between group means (sprinters, backs, and forwards) for all 

spatiotemporal and kinematic variables were also determined using effect sizes (Cohen, 2013), 

with an effect size of 0.20 used to define the smallest meaningful difference (Hopkins, 2002; Winter 

et al. 2014). The magnitudes of these standardised differences were expressed as follows: <0.2, 

trivial; 0.20, small; 0.60, moderate; 1.2, large; 2.0, very large and 4.0, extremely large (Hopkins et 

al., 2009). Confidence intervals (90%) were calculated to measure the uncertainty of the effect 

sizes. Differences were considered practically meaningful when the effect size was equal to or 

greater than 0.20 and confidence intervals did not include positive and negative values greater 

than smallest meaningful difference (where the chances of positive and negative value differences 

are both < 5%). Each spatiotemporal and kinematic variable was then averaged over the first three 

steps for each participant. These values were used to determine the relationships of each 

technique variable with performance (NAHEP) within each group using Pearson’s product moment 

correlation coefficient, with an r value of ± 0.10 used to define the smallest clinically important 

correlation (Hopkins, 2002). The strength of relationships were defined as: (±) < 0.1, trivial; 0.1 to 

0.3, small; 0.3 to 0.5 moderate, 0.5 to 0.7 large, 0.7 to 0.9 very large and > 0.9, practically perfect 

(Hopkins, 2002). Confidence intervals (90%) for the observed relationships were calculated to 

measure the uncertainty of relationship magnitudes. Relationships were deemed meaningful when 

the relationship magnitude was equal to or greater than the smallest clinically important correlation 

and confidence limits did not include positive and negative values greater than the smallest 

clinically important correlation. To determine the statistical significance of the group differences and 

relationships observed, alpha was set at p < 0.05. 

 

3.3 Results 

The results of the intra-rater reliability analysis can be found in Appendix D (Table D.1).  

 
3.3.1 Between group differences in acceleration performance 

Regarding acceleration performance over the first three steps (Figure 3.1), backs produced 

significantly (i.e., p < 0.05) greater NAHEP than forwards by large meaningful magnitudes, and the 

NAHEP of sprinters was significantly greater than the forwards and backs by extremely large and 

large meaningful magnitudes, respectively.  
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Figure 3.1. Normalised average horizontal external power (NAHEP) for forwards (F), backs 
(B) and sprinters (S) from first touchdown until the end of the third contact phase of a sprint, 
and the effect sizesᵃ (and their 90% confidence limitsᵇ) between each group. Individual 
participant means are plotted, and the black bars represent group means.  
 

ᵃAbove the horizontal lines. A positive/negative effect size depicts a greater/lesser magnitude 
of NAHEP produced by the second group in their respective group comparison (e.g., a 
positive effect size under 'F vs. B' would indicate that backs produced higher NAHEP 
compared with forwards). Effect sizes in bold depict ‘meaningful’ differences. 
 

ᵇBelow the horizontal lines. *Statistically significant (p < 0.05) 
 
 

3.3.2 Between group differences in spatiotemporal variables 

Regarding spatiotemporal variables, backs achieved significantly greater step velocities (Figure 

3.2a) compared with forwards by moderate and meaningful magnitudes (d = 0.76 to 1.08). 

Sprinters produced significantly and moderately greater step velocities than forwards (d = 0.95 to 

1.18), which were meaningful, although compared with backs the differences (in the same 

direction) were only trivial to small (d = 0.06 to 0.49) and not significant (only meaningful in step 

three). The step rates (Figure 3.2c) of backs were significantly greater than those of the forwards 

by moderate and meaningful magnitudes (d = 0.64 to 1.16). Sprinters achieved greater step rates 

than the forwards by small (step one) and moderate magnitudes (steps two and three), respectively 

(d = 0.28 to 0.77). These differences were meaningful in steps two and three and significant in step 

three. However, the sprinters’ step rates were lower than those of the backs, with non-significant 

small differences evident across all three steps that were meaningful in steps one and two (d = -

0.46 to -0.32). 
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The contact times (Figure 3.2d) of backs were significantly shorter compared with forwards by 

moderate (step one), large (step two) and very large (step three) meaningful magnitudes (d = -2.67 

to -1.00). Sprinters’ contact times were consistently shorter than forwards and longer than backs. 

The difference between sprinters’ and forwards’ contact times in the first step was not significant, 

but they were small and meaningful, and by the second and third steps it was significant, large and 

meaningful (d = -1.89 to -0.47). The difference between sprinters’ and backs’ contact times were 

not significant, but they were moderate (step one), small (steps two and three) and meaningful (d = 

0.50 to 0.63). The flight times (Figure 3.2e) of backs were greater than forwards by a non-

significant, small and not meaningful magnitude in the first step and by non-significant and 

significant, moderate and meaningful magnitudes in the second and third steps, respectively (d = 

0.37 to 0.81). Differences in flight times between sprinters and forwards were not significant, small 

and not meaningful for step one and significant, moderate and meaningful (sprinters producing 

greater flight times) for steps two and three (d = 0.13 to 0.76).  

 

Backs produced significantly greater step lengths (Figure 3.2b) compared with forwards by 

moderate and meaningful magnitudes in steps one and two and by step three the difference was 

non-significant, small and meaningful (d = 0.51 to 0.75). Sprinters produced significantly longer 

step lengths than forwards and backs across each step. Compared with forwards these differences 

were significant, large and meaningful (d = 1.36 to 1.46) and compared with backs they were non-

significant, small and meaningful in step one, and significant, moderate and meaningful in steps 

two and three (d = 0.52 to 0.92).  
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Figure 3.2. Spatiotemporal variables for rugby forwards (F) and backs (B), and sprinters (S) 
during the first three steps of a sprint and the effect sizesᵃ (and their 90% confidence limitsᵇ) 
between each group. Individual participant means are plotted, and the black bars represent 
group means. Each participant within each group is represented as an individual data point. 
 

ᵃAbove the horizontal lines. A positive/negative effect size depicts a greater/lesser magnitude 
of the variable produced by the second group in their respective group comparison (e.g., a 
positive effect size under 'F vs. B' for step rate would indicate that backs produced higher step 
rates compared with forwards). Effect sizes in bold depict ‘meaningful’ differences. 
 

ᵇBelow the horizontal lines. * Statistically significant (p < 0.05) 
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3.3.3 Between group differences in linear kinematic variables 

Non-significant trivial to small differences between the contact lengths of backs and forwards 

(Figure 3.3a), which were only meaningful in the third step (shorter in backs), were observed (d = -

0.25 and -0.33). Sprinters achieved non-significant shorter contact lengths of small meaningful 

magnitudes compared with forwards in step one, and non-significant greater contact lengths of 

moderate and meaningful magnitudes compared with backs in step three (d = -0.40 and 0.59). 

Backs achieved significantly greater flight lengths compared with forwards (Figure 3.3b) by 

moderate (steps one and two) to large (step three) and meaningful magnitudes (d = 0.87 to 1.63). 

The flight lengths of sprinters were significantly greater compared with forwards across all steps by 

large to very large and meaningful magnitudes (d = 1.41 to 2.45). Sprinters’ flight length was also 

greater compared with backs where non-significant, small and meaningful differences were evident 

(d = 0.38 to 0.48). 

 

Backs touched down with their toe more posterior relative to their CM compared with forwards 

across each step (Figure 3.3c). During step one the differences in their touchdown distances were 

not significant, but were moderate and meaningful, and by steps two and three the differences 

were significant, moderate and meaningful (d = -1.19 to -0.57). Sprinters’ touchdown distances 

were consistently more negative across all steps relative to forwards and backs. The difference 

was significantly greater by large (step one), and very large (steps two and three) meaningful 

magnitudes compared with forwards (d = -2.64 to -1.92). Compared with backs the differences 

were significantly greater by large (step one) and moderate (steps two and three) meaningful 

magnitudes (d = -0.89 to -1.69).  

 

Backs achieved a CM position which was further ahead of their toe at toe-off (i.e., toe-off distance 

was more negative, Figure 3.2d) compared with forwards (d = -1.22 to -0.42). A non-significant, 

small and meaningful difference was observed in step one, whereas significant differences of 

moderate and meaningful magnitude were evident in steps two and three. Sprinters positioned 

their CM significantly further forward of their toe at toe-off compared with forwards and backs by 

very large meaningful magnitudes in each step (d = -2.62 to -2.05). 
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Figure 3.3. Linear kinematic variables for rugby forwards (F) and backs (B), and sprinters (S) 
during the first three steps of a sprint and the effect sizesᵃ (and their 90% confidence limitsᵇ) 
between each group. Individual participant means are plotted, and the black bars represent 
group means. Each participant within each group is represented as an individual data point. 
 

ᵃAbove the horizontal lines. A positive/negative effect size depicts a greater/lesser magnitude 
of the variable produced by the second group in their respective group comparison (e.g., a 
positive effect size under 'F vs. B' for toe-off distance would indicate that backs produced 
greater toe-off distances compared with forwards). Effect sizes in bold depict ‘meaningful’ 
differences. 
 

ᵇBelow the horizontal lines. * Statistically significant (p < 0.05) 
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3.3.4 Relationships between kinematic variables and acceleration performance 

Regarding correlation coefficients, only toe-off distance consistently demonstrated a meaningful 

relationship with NAHEP in each group (Figure 3.4h). These relationships were non-significant and 

moderate for backs and large and significant for forwards and sprinters (r = -0.58 to -0.44). 

Meaningful and moderate, but non-significant, relationships were also observed between step 

length and NAHEP (Figure 3.4a) in both forwards and sprinters (r = 0.39 and 0.45, respectively). In 

the same two groups non-significant small and meaningful negative relationships between contact 

time and NAHEP (Figure 3.4c) were observed (r = - 0.39 and r = - 0.35, respectively). The step rate 

of sprinters was moderately positively correlated to NAHEP (Figure 3b), as was the contact length 

(Figure 3.4c) of forwards (all meaningful, but not significant). 
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Figure 3.4. Relationships (Pearson’s correlation coefficients and their 90% confidence limits) of spatiotemporal and linear kinematic variables with NAHEP for forwards 
(F), backs (B), and sprinters (S) from first touchdown until the end of the third contact phase of a sprint. Blue circles = rugby forwards; red squares = rugby backs, and 
green triangles = sprinters. Where correlation magnitudes are in bold font, the relationship is deemed meaningful (where CLs do not overlap substantial positive and 
negative values [i.e., r = ±0.1; Hopkins, 2002]). *Statistically significant (p < 0.05) 
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3.4 Discussion 

The purpose of this chapter was to investigate the differences in spatiotemporal and linear 

kinematics between professional rugby players and sprinters during the initial steps of acceleration, 

and how each of these variables relates to initial sprint performance. This provides information to 

enhance the understanding of how knowledge of sprinters’ acceleration techniques may be 

transferred to inform training practices aimed at enhancing the acceleration abilities of rugby backs. 

The main finding of this chapter was that there were multiple differences in the touchdown and toe-

off kinematics evident between sprinters and rugby groups, but only one technical feature (toe-off 

distance) was consistently related to sprinting performance in all groups. There may therefore be 

limitations in how the available information concerning the touchdown and toe-off kinematics and 

step characteristics of sprinters can be used by coaches tasked with enhancing the acceleration 

abilities of rugby backs, possibly due to the different constraints imposed (Newell, 1986). 

 

3.4.1 Starting conditions and acceleration performance  

Sprinters achieved substantially greater levels of performance (NAHEP) compared with forwards 

and backs, by 40% and 19%, respectively. This can be explained by differences in the change in 

velocity from the beginning of the first contact phase to the end of the third (sprinters = 3.26 ± 0.28 

m/s; backs = 2.60 ± 0.26 m/s; forwards = 2.48 ± 0.28 m/s), since less than 0.03 s separated the 

groups with respect to the time taken to achieve this change. No meaningful differences in absolute 

step velocity, however, were found between sprinters and backs until step three where sprinters 

reached a meaningfully higher step velocity (d = 0.49), because the backs entered the first step 

with a higher velocity than the sprinters (3.61 ± 0.16 vs. 3.36 ± 0.31 m/s; forwards = 3.38 ± 0.26 

m/s). This is likely reflective of the differences in start conditions, where a longer distance between 

the feet in the standing start may lead to a longer push-off phase (Salo & Bezodis, 2004), thus 

affording the opportunity to produce higher impulse where the rapid initiation of a sprint in response 

to an external stimulus (e.g., starter’s gun) is not required. 

 

3.4.2 Spatiotemporal variables and touchdown technique 

Sprinters consistently produced longer step lengths than backs, who also achieved longer step 

lengths than forwards (Figure 3.2b), whereas backs achieved the highest step rates in each step, 

followed by sprinters and then forwards (Figure 3.2c).The inconsistent findings of previous 

research as to the relative contribution of step length and step rate to initial acceleration 
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performance of sprinters and team sport players (e.g., Debaere, et al., 2013b; Mackala et al., 2015; 

Murphy et al., 2003) as discussed in section 2.4 of Chapter 2, is further compounded by the results 

of the current study where positive moderate and meaningful relationships of step length and step 

rate with NAHEP in sprinters were found (r = 0.45 and 0.44), whereas only step length was 

correlated meaningfully to the NAHEP of forwards (r = 0.39) and no meaningful relationships of 

step length or step rate with the NAHEP of backs were found (Figures 3.4a; 3.4b).  

 

The differences in step length between groups were achieved primarily through different flight 

lengths, but not contact lengths (Figure 3.3a; 3.3b). However, the location of the foot relative to the 

CM position was more posterior at both touchdown and toe-off for sprinters compared with both 

rugby groups, and for backs compared with forwards (Figures 3.3c; 3.3d). Smaller touchdown 

distances have been shown to be related to a more forward-orientated ground reaction force (GRF) 

vector (Bezodis et al. 2015; Kugler & Janshen, 2010), which has been identified as a key 

determinant of acceleration performance (Kawamori et al., 2013; Kugler & Janshen, 2010; Morin et 

al., 2011; Morin et al., 2012). However, no meaningful relationships between touchdown distance 

and NAHEP were evident in any group in the current study. 

 

The lack of meaningful relationships between touchdown distance and initial acceleration 

performance may be explained by a number of factors. For example, Bezodis et al. (2015) 

demonstrated the existence of a within-individual curvilinear relationship between touchdown 

distance and horizontal power in the first stance phase for a trained sprinter, whilst vertical impulse 

production was found to increase linearly as the foot was placed further forward relative to the CM. 

Limiting how far posteriorly the foot makes contact relative to the CM may therefore be important in 

producing sufficient vertical GRF to maintain balance. Consequently, an optimal touchdown 

distance is likely to exist for each individual influenced by varying constraints. For instance, greater 

vertical GRF will need to be produced with increased body mass, therefore potentially requiring a 

greater touchdown distance (i.e., foot positioned further forward of the CM). Additionally, the block 

start already positions the sprinter’s CM ahead of their feet (Mero et al., 1983) and the effect of 

both running shoe worn and surface may also provide different opportunities for a sprinter’s 

maintenance of balance. The range of different constraints imposed on rugby players (e.g., greater 

mass [performer constraint], standing start [task constraint], grass surface [environmental 

constraint]) suggest that expecting them to touch down posterior to their CM in the same manner 
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as sprinters during the initial steps may not be feasible. It may also be possible to manipulate GRF 

orientation through other technical means which do not affect the overall touchdown distance 

(Bezodis et al., 2017). Further investigations into the touchdown technique characteristics and 

constraints which influence a rugby back’s initial acceleration performance is therefore warranted to 

help inform their sprint training practice. 

 

3.4.3 Toe-off distance and the unique acceleration strategy of rugby backs 

Whilst touchdown distance was not related meaningfully to sprint performance for any of the 

groups, toe-off distance consistently was (r = -0.44 to -0.58). Having the stance toe further behind 

the CM at toe-off was meaningfully associated with increased NAHEP in all three groups 

(relationships were also significant in forwards and sprinters), and therefore appeared to be 

reflective of an effective push-off. A more negative toe-off distance was also evident in sprinters 

compared with backs, who in turn achieved more negative toe-off distances compared with 

forwards. This technical feature does appear to transfer between sprinters and rugby players and a 

CM further forward relative to the point of contact at toe-off during the first step has previously been 

associated with higher propulsive impulse and GRF vector orientation, where a practically perfect 

significant relationship (r = 0.93, p ≤ 0.001) between the GRF vector angle at maximum GRF 

application and CM angle at toe-off in physical education students was observed (Kugler & 

Janshen, 2010). Whilst a small non-significant relationship between toe-off distance and the first 

stance magnitude of NAHEP produced by the world class (Tier 5) sprinters was observed by 

Walker et al. (2021), their absolute toe-off distances (-0.87 ± 0.03 m) were notably more negative 

than those in the first steps of the trained to elite (Tiers 2 to 4) sprinters (-0.82 ± 0.06 m) and 

professional (Tiers 4 to 5) rugby backs (-0.73 ± 0.05 m) and forwards (-0.73 ± 0.06 m). It is possible 

that they had already reached close to a limit of their toe-off distance beyond which any positive 

effects of a more negative toe-off distance may begin to diminish. 

 

Toe-off distance, and the body segment rotations used to achieve a greater toe-off distance may 

be a function of GRF orientation characteristics, therefore warranting further investigation. In this 

chapter, sprinters produced longer contact times relative to backs and may have used this to 

achieve a greater toe-off distance as a result (Kugler & Janshen, 2010). While start position and 

footwear may again play roles in the ability to achieve such a forward lean position, performer 

constraints may also be an important consideration. For example, Lee and Piazza (2009) 
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demonstrated, through computer simulation, that the longer toes of sprinters (compared with non-

sprinters) prolonged the time of contact during a ‘push-off’ giving greater time for forward 

acceleration by producing greater propulsive forces. However, it is possible to have a high impulse 

by pushing-off for longer, but low acceleration if the magnitude of the impulse (and thus change in 

velocity) is achieved primarily through spending a longer time generating GRF rather than by 

generating greater GRF magnitudes. This may account for the strategy of backs to produce higher 

step rates through shorter contact times whilst still achieving superior sprint performance compared 

with forwards.    

 

3.5 Chapter summary 

This chapter sought to answer research question I - ‘What are the differences in spatiotemporal 

variables and linear kinematics between professional rugby players and sprinters during the initial 

steps or a sprint, and how do they relate to performance? By quantifying the differences in these 

technical features between groups and their associations with initial acceleration performance, the 

unique kinematic aspects of rugby backs’ technique were identified, and a foundation for further 

lines of inquiry to determine the technical variables of importance to their initial acceleration 

performance have been provided. Backs produced notably higher step rates and shorter contact 

times compared with both forwards and sprinters. These kinematic aspects of technique were the 

only two technique-based variables in backs to differ meaningfully compared with forwards and 

sprinters in the same direction which ‘set them apart’ in terms of their sprinting strategy from these 

other groups. These along with other clear differences in touchdown and toe-off kinematics 

between groups are likely to have emerged at least in part as a result of inherent differences in 

task, environment and performer constraints. Further investigation of the specific influence of 

performer constraints of rugby backs such as physical qualities (e.g., strength, anthropometrics) 

may offer greater insight into aspects which influence their sprint acceleration performance and are 

explored in the ensuing chapters of this thesis. 

 

Toe-off distance was the only technical feature to differ between the groups which was consistently 

and meaningfully related to sprint performance within each group, and thus may be an important 

consideration of the sprint training practices of rugby backs. The other features of technique 

identified as potentially important for sprint acceleration performance from the existing literature on 

track & field sprint athletes investigated in this chapter may not transfer directly to rugby backs. 
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Although toe-off distance was identified as a potentially important technical feature of interest, 

which may be a function of the GRF orientation characteristics, it represents the outcome of 

everything which takes place during the contact phase prior to toe-off and is determined by the 

body and lower limb segment orientations at the end of the stance phase. Therefore, to understand 

which technical features may be manipulated to achieve a more negative toe-off distance and how 

they may associate to initial acceleration performance further investigation of selected kinematic 

aspects of technique was required, which was conducted in Chapter 4.   
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CHAPTER 4: THE ASSOCIATIONS OF ANGULAR KINEMATICS AND NORMALISED 

SPATIOTEMPORAL VARIABLES WITH THE TOE-OFF DISTANCE AND INITIAL 

ACCELERATION PERFORMANCE OF PROFESSIONAL RUGBY BACKS 

 

4.1 Introduction 
 

Chapter 3 presented evidence to suggest that toe-off distance was the most important kinematic 

feature to the initial acceleration performance of backs, since it was the only variable to differ 

between groups of backs, forwards and sprinters, and was also meaningfully related to the NAHEP 

produced during the initial steps in each group. Toe-off distance determines the CM angle at toe-off 

(angle of line between the stance foot and the CM, with respect to the vertical), which characterises 

the ‘forward lean’ adopted at the end of the stance phase. As discussed in Chapter 2 (see section 

2.2.4), achieving a large CM angle at toe-off (a more negative toe-off distance), is possibly a 

function of a more horizontally orientated GRF vector (Kugler & Janshen, 2010) – a determinant of 

initial acceleration performance (e.g., Bezodis et al. 2020). Since toe-off distance is likely 

influenced by trunk and lower limb segment orientations at the end of the stance phase, it was 

decided that the toe-off angular kinematics of rugby backs and their relationships with toe-off 

distance was important to investigate in the current chapter since it would provide practitioners with 

information on how greater toe-off distances are achieved to inform their technique-based sprinting 

interventions.  

 

Understanding how toe-off angular kinematics relate to the toe-off distance of rugby backs may be 

useful but understanding how these angular kinematics relate to acceleration performance in their 

own right was also important. For example, although Walker et al. (2021) did not find a significant 

relationship between absolute toe-off distance and the magnitude of NAHEP produced by world 

class sprinters during the first stance, they did find strong significant relationships of NAHEP with 

thigh separation and trunk angle at toe-off (r = 0.62 and -0.59 respectively, both p < 0.05). 

Furthermore, the toe-off distance and angular kinematics achieved at toe-off, and the magnitude of 

NAHEP achieved during a step, are a result of everything which takes place prior to the end of the 

stance phase. Therefore, the associations of toe-off and touchdown angular kinematics with the 

toe-off distance and initial acceleration performance of rugby backs are both important to consider.  
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Touchdown angular kinematic factors have previously been shown to be important to acceleration 

performance. Morin et al. (2015b) suggested that the ‘intense’ backwards movement of the lower 

limb during the late swing and early stance phases is necessary to produce high amounts of 

horizontal GRF and impulse. This premise was supported by Bezodis et al. (2017) where greater 

RF of team sport players at the 5 m mark was preceded by greater hip extension angular velocities 

at touchdown, in addition to a more dorsiflexed ankle and a more flexed knee. The segment 

orientations associated with these joint angular positions at touchdown may therefore have acted to 

influence the direction of the CM acceleration (Jacobs & van Ingen Schenau, 1992; Nagahara et 

al., 2014a), resulting in the observed increase in RF. Reduced dorsiflexion during the early stance 

phase has been significantly correlated to horizontal external power during the first step (Bezodis et 

al., 2015) and, as discussed in Chapter 2 (section 2.3), the ability of the plantarflexor moment to 

attenuate the amount of dorsiflexion during the early stance phase may assist with a stable foot 

segment so that the hip extensor moments can better contribute to forwards CM acceleration 

(Veloso et al., 2015). Therefore, knowledge of the combined associations of hip and ankle angular 

kinematics representing the outcome of this synergistic interplay during the initial stance phase with 

acceleration performance would also prove useful for practitioners undertaking technique-based 

sprint training.  

 

Regarding spatiotemporal variables in Chapter 3, no meaningful relationships were observed 

between these variables and NAHEP within the backs who were found to accelerate ‘differently’ 

through the production of greater step rates and shorter contact times compared with forwards and 

sprinters, demonstrating that degeneracy exists at the inter-group level during acceleration, likely 

owing to inherent differences in their performer constraints (Newell, 1986). Since the longer legs of 

athletes with greater stature represent a performer constraint likely to result in longer step lengths 

(Hunter et al., 2004; Nagahara et al., 2018a), stature was controlled to provide an objective 

measure of step length in Chapter 3. However, the step rate, contact time and flight time of 

participants were not controlled for the effects of leg length, and using dimensionless units for 

these aspects of technique would also allow for an objective measure of these temporal-based 

variables. Therefore, information on how the angular kinematics and normalised spatiotemporal 

variables of rugby backs associate with their toe-off distance and acceleration performance was 

deemed important since questions remain as to which, if any, of these variables are important for 

the acceleration performance of backs. Accordingly, this chapter sought to answer research 
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question II - How do angular kinematics and normalised spatiotemporal variables relate to the toe-

off distance and initial acceleration performance of professional rugby backs? This information 

would provide coaches and other practitioners with a more in-depth understanding of the potentially 

key technical markers which are important for the acceleration performance of rugby backs, and 

thus their development of technical-based sprint interventions. 

 

4.2 Methods 

 
4.2.1 Participants 

 
Twenty-five male professional backs (mean ± SD: age 25 ± 3 years; stature 1.82 ± 0.06 m; leg 

length 1.01 ± 0.05 m; body mass 94.0 ± 9.2 kg) competing in the English Premiership completed a 

battery of physical assessments. Study protocols were submitted to, and approved by, the local 

Research Ethics Committee, and at the time of testing all participants were injury-free and 

completed maximal effort sprint accelerations on a weekly basis as part of their habitual training. 

Data were collected during the pre-season on one occasion following 48 hours of abstinence from 

running, sprinting and lower body strength training. 

 

4.2.2. Procedures 

 
Participants completed a 20-minute standardised warm-up, and then performed three maximal 

effort 30 m sprints from a standing 2-point split-stance start, on an outdoor 3G artificial grass pitch, 

wearing a t-shirt, shorts and moulded stud boots. These are the conditions in which speed and 

rugby training would take place during the training phase when the data were collected. Rest 

periods between each sprint effort were approximately 4-5 minutes. Two smart phone high-speed 

video cameras (iPhone8, Apple Inc, Cupertino, Ca) were used to capture sagittal plane video 

images (1920 × 1080 pixels) of the first four steps at 240 Hz. The cameras were positioned 

perpendicular to, and 12 m from, the running lane to capture sagittal plane images from both sides 

of the body within a 7.5 m wide field of view. A 5.00 m horizontal video calibration was recorded. 

Spatiotemporal variables, toe-off distance and NAHEP were determined from the video images 

captured from one camera (to the left side of the body) as per the approach in Chapter 3, and the 

left and right side angular kinematic variables of participants were determined from the video 

images captured using the camera either on the left or right side of participants, respectively.  
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Figure 4.1 Camera set up for sprint testing session. 

The kinematic variables were determined from the video images during the first four steps at 

touchdown and toe-off and several frames during the late swing phase and during ground contact 

(explained later in this section) using ×6 zoom in Kinovea (v.0.8.27) motion analysis software. 

Manual digitisation was carried out to model the human body as 14 rigid segments as outlined in 

Chapter 3 (Section 3.2.2). Scaled coordinates were exported to Excel (Microsoft 2013) to calculate 

angular orientations (°) at touchdown and toe-off of the stance foot, shank, and thigh, and trunk, 

segments (with respect to the horizontal; Figure 4.2) and of the stance ankle, knee and hip joints, 

and the thigh separation angle (the difference between the segment angles of the thighs of the 

swing and ground contact legs at toe-off; Figure 4.2). Ankle dorsiflexion range of motion (°) during 

stance was determined by subtracting the peak ankle dorsiflexion angle measured in from the 

ankle angle at touchdown. To determine peak dorsiflexion angle, ankle angle was determined for 

ten frames either side of the frame in which it was visually estimated to occur, and the smallest 

value over this period was used. Mean hip angular velocity (°/s) during stance was determined from 

the hip angles at touchdown and toe-off, and ground contact time. Hip angles were determined for 

ten frames prior to and following touchdown in order to obtain hip angular velocity at touchdown by 
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applying second central difference calculations (Miller & Nelson, 1973) to these joint angle data 

which had been low-pass filtered using a fourth order Butterworth filter with cut-off frequencies 

determined based on the procedures of Challis (1999).  

 

 

Figure 4.2. Segment angle conventions and thigh separation angle 

Foot, a; shank, b; thigh, c; trunk, d; thigh separation, e 

The location of the whole-body CM at toe-off was calculated using de Leva’s (1996) segmental 

inertia data and the summation of moments approach in order to determine toe-off distance (m). 

The following step characteristics were also obtained: contact time (s), flight time (s), step length 

(m; horizontal displacement between the toe tips at adjacent touchdowns), step rate (Hz; the 

reciprocal of step duration, which was determined as the sum of contact time and the subsequent 

flight time). To minimise the confounding influence of inter-individual differences, toe-off distance 

was normalised to leg length (m; distance from the greater trochanter of the right leg to the bottom 

of the ipsilateral heel whilst lying supine), as was step length. Dimensionless forms for angular 

velocities and temporal step characteristics were calculated using the equations from Hof (1996) as 

follows: 

normalised angular velocity =
𝜔

√𝑔/𝑙0
,  

normalised contact and flight times =  
𝑡

√𝑙0/𝑔
 and                      

normalised step rate =  
𝑓

√𝑔/𝑙0
;  

where ω = angular velocity, 𝑔 = gravity, 𝑙0 = leg length, 𝑡 = time and 𝑓 = step rate.  
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Finally, as a measure of initial sprint acceleration performance, NAHEP was calculated based on 

the change in kinetic energy from the instant of the first touchdown until the end of the fourth 

contact phase, and through a modification of the equation presented by Hof (1996) as used by 

Bezodis et al. (2010). This was the same approach used to measure NAHEP in Chapter 3, except 

over four steps, rather than three. Four steps were selected for the investigation in the current 

chapter to remove any potential biased findings towards one limb when an odd number of steps is 

selected for analysis. This was made possible due to the increase in camera resolution used in the 

current Chapter compared with the camera used in Chapter 3, enabling a wider field of view to be 

captured whilst maintaining the accuracy with which variables could be obtained.  

 
4.2.3 Statistical analyses 

 
Using the same approach as in Chapter 3 (Section 3.2.3) test-retest intra-rater reliability of manual 

digitisation to calculate all angular kinematics was determined using an intraclass correlation 

coefficient (ICC 3,1) with 90% confidence intervals. ICC values less than 0.50, between 0.50 and 

0.75, between 0.75 and 0.90, and greater than 0.90 were used to indicate poor, moderate, good, 

and excellent reliability, respectively (Portney & Watkins, 2000). The angular kinematic variables 

for 10 backs selected at random were digitised during one of their sprint trials on two separate 

occasions.  

 

Mean data for kinematic variables were obtained over four steps and averaged across all sprint 

trials for each back. Group-wide descriptive statistics (mean ± SD) were calculated for all variables 

of interest. Normal distribution of the data was checked by the Shapiro-Wilk normality test. The 

relationships of all angular and spatiotemporal kinematic variables with toe-off distance and/or 

NAHEP were determined by controlling for both leg length and body mass, as follows. The 

dimensionless values determined for spatiotemporal variables, angular velocities and toe-off 

distance (which account for inter-individual difference in leg length; Hof, 1996) and their 

relationships with toe-off distance and/or NAHEP, were determined using semi-partial correlation 

coefficients (r), controlling for body mass. Semi-partial correlations, controlling for both leg length 

and body mass were used to determine the relationships of all segment and joint angular positions 

and dorsiflexion range of motion with toe-off distance and NAHEP. Body mass was deemed an 

important performer constraint to control for across all kinematic variables in addition to leg length, 
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since it is likely to influence the kinematic variables measured during maximal sprinting. For 

instance, as discussed in Chapter 3, a less negative touchdown distance has been associated with 

a greater vertical GRF impulse during the first stance (Bezodis et al., 2015). Greater vertical GRF is 

needed with increased mass to support body weight, therefore potentially requiring a greater 

touchdown distance. If touchdown distance differs in relation to body mass, then this will have to be 

achieved through changes in segment and joint angular positions at touchdown.  

 

Selected kinematic variables were then paired (1: hip angular velocity at touchdown with ankle 

dorsiflexion range of motion; 2: hip angular velocity at touchdown with peak ankle dorsiflexion 

angle) as independent variables and included within linear multiple regression models using the 

‘enter’ method for variable selection (Morin et al., 2015b) to assess their combined relationships 

with NAHEP (dependent variable). These independent variables were selected based on a prior 

rationale of the potentially important hip and ankle interaction needed for CM horizontal 

acceleration (see introductory section of this chapter and Chapter 2, Section 2.3.6). Body mass 

was also entered into the regression models as an independent variable to control for its potential 

influence on the variation in NAHEP. 

 

As a result of the findings from the correlation analyses, further associations were investigated. 

This involved an additional multiple linear regression analysis (model 3) which explored normalised 

toe-off distance and normalised contact time (and body mass) as independent variables with 

NAHEP (dependent variable). Autocorrelations for all regression analyses conducted (i.e., models 

1 to 3) were minimal (Durbin-Watson 2.2 to 2.5) and multicollinearity were within acceptable 

thresholds (1.1 to 2.5; Hair et al., 2019). In addition, the relationship between participants’ toe-off 

distance averaged over the first three steps, normalised to stature, and NAHEP across the same 

steps was determined using bivariate Pearson’s correlation coefficients using the same approach 

as used in Chapter 3.  

 

For semi-partial, bivariate and multiple correlation coefficients, the strength of observed 

relationships were defined as: (±) < 0.1, trivial; 0.1 to 0.3, small; 0.3 to 0.5 moderate, 0.5 to 0.7 

large, 0.7 to 0.9 very large and > 0.9, practically perfect (Hopkins, 2002). Confidence intervals 

(90%) for all observed relationships were calculated to detect the smallest clinically important 

correlation coefficient (r = ± 0.10). Relationships were deemed meaningful when their magnitudes 
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were equal to or greater than the smallest clinically important correlation and confidence limits did 

not include positive and negative values greater than the smallest clinically important correlation. 

For the regression analyses conducted, to reduce the possibility of the estimated explained 

variation of NAHEP being overstated by the coefficient of determination, owing to the relatively 

small sample size used in the analysis, adjusted r squared (r²) was calculated to interpret the effect 

size with thresholds set as: < 0.02, trivial; 0.02 to 0.13, small; 0.13 to 0.26, large (Cohen, 2013). 

Semi-partial correlation and multiple regression analyses were performed using SPSS (v26.0) with 

alpha set at p < 0.05.  

 

4.3 Results 
 
Descriptive statistics and intra-rater reliability for variables investigated within this chapter can be 

found in Table 4.1 and Table D.1 (Appendix D), respectively.  

Table 4.1. Descriptive statistics for variables 

Variables   Mean SD 

 NAHEPᵃ 0.56 0.07 
Spatiotemporal 
variablesᵃ  

Step length 1.31 0.10 
Step rate 1.38 0.09 
Contact time 0.515 0.041 
Flight time 0.211 0.032 

Kinematics at 
touchdown 
 
 
 
 
 
 
 
 
 
  

Hip touchdown angular velocityᵃ 174 28 
Foot angle (°) 161 5 
Shank angle (°) 64 4 
Thigh angle (°) 124 4 
Trunk angle (°) 50 4 
Ankle angle (°) 94 4 
Knee angle (°) 120 4 
Hip angle (°) 106 5 

Kinematics during 
stance 
 
 
  

Peak ankle dorsiflexion angle (°) 79 4 
Peak ankle dorsiflexion ROM (°) 16 3 
Stance hip mean angular velocityᵃ 139 9 

Kinematics at toe-
off  

Foot angle (°) 92 3 
Shank angle (°) 35 3 
Thigh angle (°) 55 3 
Trunk angle (°) 52 4 
Ankle angle (°) 134 4 
Knee angle (°) 160 4 
Hip angle (°) 177 6 
Thigh separation angle (°) 96 6 

Normalised toe-off distanceᵃ -0.73 0.03 
 

   
ᵃDimensionless variables which have been normalised according to the equations of Hof (1996) 
with a modification to the calculation of NAHEP as used by Bezodis et al. (2010) 
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4.3.1 Relationships of spatiotemporal variables and angular kinematics with toe-off distance  

Step length and step rate demonstrated significantly large negative and moderately positive 

meaningful relationships with toe-off distance respectively (Figure 4.3). Contact time exhibited the 

strongest (very large) significant, negative, and meaningful relationship with toe-off distance (Figure 

4.3).  A non-significant positive moderate and meaningful relationship was found between flight 

time and toe-off distance.  

 

Figure 4.3. Semi-partial correlation coefficients (± 90% CI) between normalised spatiotemporal 
variables and toe-off distance. A trivial relationship (r = ± 0.1) is indicated by the central grey 
shaded area. Horizontal dotted lines represent thresholds for the magnitude of relationships (S, 
small; M, moderate; L, large; VL, very large). Black shaded markers indicate that the relationship 
is deemed greater than the smallest clinically important correlation coefficient, and therefore 
‘meaningful’. Asterisks denote relationships that are statistically significant (p < 0.05) 
  

 

At touchdown (Figure 4.4) significantly large negative and meaningful relationships between foot, 

shank, thigh and hip angles, and toe-off distance were found. Non-significant, but moderately 

positive and meaningful relationships were evident for touchdown trunk and ankle angles, and 

ankle dorsiflexion range of motion with toe-off distance. All other relationships between touchdown 

angular kinematics and toe-off distance were not significant, trivial to small in magnitude and not 

meaningful. At toe-off, significant moderately positive and meaningful relationships between shank 

and thigh angles, and toe-off distance, were observed. Non-significant, but moderate and 

meaningful relationships were found for foot angle and thigh separation angle with toe-off distance. 
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All other relationships between toe-off angular kinematics and toe-off distance were not significant, 

trivial to small in magnitude and not meaningful. 

 

 

 

Figure 4.4. Semi-partial correlation coefficients (± 90% CI) of touchdown and stance phase (top 
figure) and toe-off (bottom figure) angular kinematic variables with toe-off distance. A trivial 
relationship (r = ± 0.1) is indicated by the central grey shaded area. Horizontal dotted lines 
represent thresholds for the magnitude of relationships (S, small; M, moderate; L, large; VL, very 
large). Black shaded markers indicate that the relationship is deemed greater than the smallest 
clinically important correlation coefficient, and therefore ‘meaningful’. Asterisks denote 
relationships that are statistically significant (p < 0.05) 
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4.3.2 Relationships of spatiotemporal variables and angular kinematics with NAHEP  

Of the normalised spatiotemporal variables (Figure 4.5), only step rate was moderately and 

meaningfully correlated with NAHEP, although the relationship was not significant. All other 

relationships between normalised spatiotemporal variables and NAHEP were not significant, trivial 

to small in magnitude and not meaningful.  

 

 

Figure 4.5. Semi-partial correlation coefficients (± 90% CI) between normalised spatiotemporal 
variables and NAHEP. A trivial relationship (r = ± 0.1) is indicated by the central grey shaded 
area. Horizontal dotted lines represent thresholds for the magnitude of relationships (S, small; M, 
moderate; L, large; VL, very large). Black shaded markers indicate that the relationship is 
deemed greater than the smallest clinically important correlation coefficient, and therefore 
‘meaningful’. Asterisks denote relationships that are statistically significant (p < 0.05) 
 

 

At touchdown and toe-off (Figure 4.6), significantly moderate negative and meaningful relationships 

(hip angle at toe-off and trunk angles at touchdown and toe-off) were observed, with NAHEP. Non-

significant small (ankle angle at touchdown) and moderate (hip angle at touchdown) negative and 

meaningful relationships with NAHEP were also observed, whereas all other relationships between 

touchdown and toe-off angular kinematics and NAHEP were non-significant, trivial to small in 

magnitude and not meaningful.  
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Figure 4.6. Semi-partial correlation coefficients (± 90% CI) of touchdown and stance phase (top 
figure) and toe-off (bottom figure) kinematic variables with NAHEP. A trivial relationship (r = ± 
0.1) is indicated by the central grey shaded area. Horizontal dotted lines represent thresholds for 
the magnitude of relationships (S, small; M, moderate; L, large; VL, very large). Black shaded 
markers indicate that the relationship is deemed greater than the smallest clinically important 
correlation coefficient, and therefore ‘meaningful’. Asterisks denote relationships that are 
statistically significant (p < 0.05) 
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4.3.3 Multiple regression analyses 

In model 1, a non-significant small and meaningful relationship was evident for the combination of 

hip touchdown angular velocity, ankle dorsiflexion range of motion and body mass with NAHEP 

(Table 4.2). In addition, the independent variables were not able to predict the variance in NAHEP 

(trivial effect). In model 2, hip touchdown angular velocity, peak ankle dorsiflexion angle and body 

mass combined to demonstrate a non-significant moderate and meaningful relationship with 

NAHEP (adjusted r² = 0.09, small effect). Toe-off distance, contact time and body mass combined 

in a significant regression model (model 3) to predict NAHEP (adjusted r² = 0.28, large effect) and 

the multiple correlation coefficient was large and meaningful. 

Table 4.2. Multiple linear regression analysis with NAHEP as the dependent variable 

Model 
Independent 
variables 

r (90% CL) r² SEE p 
Standardised 
coefficients 

1 

Normalised hip 
touchdown angular 
velocity 0.32 (-0.02 

to 0.59) 
-0.03 0.07 0.50 

0.13 

Ankle dorsiflexion 
range of motion 

0.04 

Body mass -0.25

2 

Normalised hip 
touchdown angular 
velocity 0.45 (0.13 to 

0.68) 
0.09 0.07 0.19 

0.30 

Peak ankle dorsiflexion 
angle 

-0.36

Body mass -0.19

3 
0.61 (0.34 to 

0.79) 
0.28 0.05 0.02 

-0.75

-0.76

Normalised toe-off 
distance 

Normalised contact 

time 

Body mass 0.00

r, multiple correlation coefficient; CL, confidence limits; r², adjusted coefficient of 

determination; SEE, standard error of estimate 

4.4 Discussion 

The overall aim of this chapter was to investigate the associations of normalised spatiotemporal 

variables and angular kinematics with the toe-off distance and initial acceleration performance of 

rugby backs over the first four steps of maximal sprinting. These relationships are summarised in 

Figures 4.3 to 4.6 and Tables 4.2 to 4.3 and build on the understanding gained from Chapter 3 to 

provide further information on the biomechanical factors that contribute to the initial acceleration 
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performance of these participants. Sixteen normalised spatiotemporal or angular kinematic 

variables were meaningfully correlated to toe-off distance, where moderate to very large 

relationships were observed, of which nine were significant. However, only six from 23 normalised 

spatiotemporal or angular kinematic variables were meaningfully related to NAHEP. These 

relationships were small to moderate with only three being significant. Contrary to the findings 

reported in Chapter 3, toe-off distance was not meaningfully related to NAHEP over the first four 

steps (r = -0.24; Figure 4.6) – potential reasons for this are discussed in Section 4.4.4. However, 

when combined with contact time and body mass it predicted a meaningful amount of the variation 

of NAHEP in a regression model (large effect; Table 4.2, model 3). This finding casts some doubt 

on the consideration of technical features in isolation and their relationships with initial sprint 

acceleration performance. Furthermore, different combinations of toe-off distance and contact time 

were utilised to achieve similar magnitudes of NAHEP (Figure 4.7). Therefore, whilst Chapter 3 

demonstrated that degeneracy exists at the inter-group level whereby backs produced an 

acceleration strategy which set them apart from other groups (see Section 3.4.3), the findings 

reported in the current chapter suggest that degeneracy may also exist at the inter-individual level 

in the context of acceleration performance. That is, different technique-based strategies may be 

present within a group of rugby backs, each of which may result in similar acceleration 

performance.   

 

4.4.1 Technical features which underpin toe-off distance 

In Chapter 3, toe-off distance was highlighted as potentially important to initial acceleration 

performance. Not only were more negative toe-off distances achieved by the faster athlete groups 

(i.e., sprinters compared with backs, and backs compared with forwards), it was the only variable to 

show meaningful correlations with NAHEP in each of the three groups, although the magnitude of 

this relationship within the backs (r = -0.44, moderate and not significant) was less compared with 

the forwards and sprinters (r = -0.58 and -0.54, both large and significant). The current results 

showed that a more negative toe-off distance was achieved (Figure 4.5) by players adopting a 

body position likely requiring a low CM position at touchdown (i.e., a more flexed hip and ankle; a 

more horizontal trunk [i.e., when the proximal end of the trunk segment was further forward relative 

to its distal end in the direction of the sprint] and less horizontally rotated foot, shank and thigh 

segments [i.e., when their proximal ends were more posterior relative to their distal ends in the 

direction of the sprint). During stance, smaller ankle dorsiflexion range of motion and foot, shank 
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and thigh angles that were more forward rotated at toe-off (i.e., the proximal ends of their segments 

were further forward relative to their distal ends in the direction of the sprint) were associated with a 

more negative toe-off distance. These relationships suggest that the increases in leg segment 

ranges of motion during the stance phase accompany more negative toe-off distances and 

horizontal forward displacement of the CM.  

 

4.4.2 The contribution of spatiotemporal variables and angular kinematics to NAHEP 

As previously indicated in the introduction (Section 4.1; see also Chapter 2, Section 2.4; Chapter 3, 

Section 3.4.2), there are contrasting findings within the literature as to which spatiotemporal 

variables are associated with better initial sprint acceleration performance of team sport players 

(Bezodis et al., 2017; Lockie et al., 2011; Lockie et al., 2012; Lockie et al., 2013; Lockie et al., 

2014a; Lockie et al., 2014b; Lockie et al., 2015; Murata et al., 2018; Murphy et al., 2003; Nagahara 

et al., 2018a; Nagahara et al., 2019; Spinks et al., 2007; Standing & Maulder, 2017). Within 

Chapter 3 this uncertainty was further amplified where no meaningful correlations were found 

between NAHEP and step characteristics (r = -0.16 to 0.29). One of the methodological issues that 

could account for these mixed findings is the lack of consideration for physical quantities (e.g., leg 

length/stature and body mass) which may partly explain the differences in the results observed. In 

this study, to correct for some of these differences between backs, step characteristics were 

normalised (Hof, 1996) and semi-partial correlations were used to control for leg length and body 

mass of the kinematic variables investigated. The results showed only step rate to be meaningfully 

correlated with NAHEP, but the magnitude of the relationship just cleared the threshold to be 

considered moderate (by 0.10; Figure 4.5) and was not statistically significant. Although step rate is 

likely important, this finding alone does not provide sufficient evidence to justify a considerable 

focus on developing step rate over other step characteristics when 91% of variance in NAHEP was 

uniquely contributed to by other factors. 

 

The product of step rate and step length equates to the step velocity of an athlete. Although 

NAHEP was used as the performance measure in the present research, its equation requires the 

calculation of CM velocity at two discrete points and includes the duration of step cycles. Therefore, 

the velocity produced during initial acceleration is likely to be strongly related to NAHEP (e.g., 

Bezodis et al., 2010). Since a decrease in either step rate or step length, without a proportional 

increase in the other, will compromise step velocity, and that different combinations of each 
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variable can be utilised to achieve similar sprint performance, it is logical that there is no strong 

consensus on whether one variable is more important to initial acceleration performance. In track 

sprinting over the course of multiple 100 m sprints, elite sprinters’ competition performances were 

shown to be individually reliant on step rate or step length, whilst some were shown to have no 

reliance on either (Salo et al., 2011). Although these findings may not translate to the initial steps of 

sprinting in rugby backs, they provide a potential explanation for the lack of consistency observed 

between the relationships of spatiotemporal variables with sprint performance during the initial 

steps. To date, no researchers have investigated whether team sport players’ initial acceleration 

performances rely on step rate or step length at the intra-individual level, and this may be an 

important consideration given the absence of meaningful group-wide correlations. This may enable 

coaches to individualise sprint training interventions to maintain or enhance the step characteristics 

that backs are reliant on for better performance in this sprint phase. 

 

One strategy by which increases in step rate could be achieved is to reduce contact times by 

limiting the amount of leg extension at the point of toe-off (i.e., terminating the stance phase earlier 

in preparation for the next step). The correlation analysis in this chapter showed less hip extension 

at toe-off and touchdown to be moderately associated with higher NAHEP (Figure 4.6), with the 

former relationship being statistically significant. During the stance phase the hip joint moment 

changes from extensor to flexor dominance to absorb energy and reduce the rate of hip extension 

before the end of the ground contact (e.g., Bezodis et al., 2014; Charalambous et al., 2012; 

Debaere et al., 2013a; Jacobs & van Ingen Schenau, 1992; Schache et al., 2019). However, the 

time of this switch from an extensor to a flexor moment varies between athletes (Table 2.4, Chapter 

2). This may be due to methodological differences between studies, but also due to performer 

constraints between athletes. For example, backs who are able to produce greater hip extensor 

moments sooner in the stance phase due to enhanced strength-based qualities may need to 

achieve the switch to flexor dominance earlier to prevent contact times from increasing. This 

suggestion is supported by evidence from Bezodis et al. (2014) who showed the changeover from 

net extensor to flexor moment took place sooner in the two better performing sprinters (~75%) 

compared with the worse performing sprinter (~85%) during the first step. The athlete who 

produced the highest average horizontal external power also completed greater negative work at 

the hip joint (Bezodis et al., 2014), thus suggesting that limiting the rate of hip extension to reduce 

contact time may be important to initial acceleration performance. However, caution ought to be 
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applied when drawing conclusions from these findings of a limited number of case studies based 

on sprinters to the context of rugby backs. 

 

Whilst strategies to increase step rate may be worth considering, deliberately abbreviating contact 

time may come at the sacrifice of step velocity due to the negative interaction between step rate 

and step length (Hunter et al., 2004). As contact times decrease, the need for higher average 

stance GRF increases in order to maintain the impulse needed for CM horizontal acceleration. 

Should any subsequent increase in GRF be produced more vertically in each step to ‘rebound’ off 

the ground sooner, the RF will likely decrease, and initial sprint acceleration will also decrease as 

more time is spent airborne, resulting in less relative time during the step accruing horizontal 

impulse. One way to counter these potentially negative effects may be to achieve a greater amount 

of forward ’trunk lean’. For the 14 active (Tier 1) adults studied by Nagahara et al. (2019), an 

intentional forward lean resulted in a simultaneous increase in step rate through a decrease in 

contact times and flight times during the initial steps of a sprint without affecting the mean velocity 

of participants although smaller braking and vertical impulses were observed. In the present 

analyses, backs’ trunk angles at touchdown and toe-off demonstrated the highest relationships 

(significant, moderate and meaningful, Figure 4.6) with NAHEP, whereby a more horizontal trunk 

position was associated with better initial sprint acceleration performance. This orientation of the 

trunk positions the net GRF vector anterior to the hip joint for longer during the stance phase 

(Schache et al., 2019), which in turn means the hip has an increased capacity to assist with 

horizontal propulsion.  

 

4.4.3 Hip and ankle synergy 

The magnitude of horizontal CM acceleration during the initial steps of sprinting has previously 

been shown to be positively related to hip (extensor) and ankle (plantarflexor) joint impulse (e.g., 

Schache et al., 2019). However, the results of the present analyses indicate that the magnitude of 

NAHEP (which has been shown to be related to average velocity during the block phase; Bezodis 

et al., 2010) could not be explained by some of the isolated kinematic technical features of the hip 

and ankle which might relate to these joint kinetics. Regarding the hip, for instance, a greater hip 

touchdown velocity (with a view to produce a more ‘forceful’ backwards action of the leg to 

maximise horizontal GRF and impulse) has been theorised to be of benefit to sprinting 

performance (e.g., Mann & Sprague, 1983; Mann et al., 1984; Wiemann & Tidow, 1995). Some 
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experimental data supports this hypothesis where greater hip touchdown velocities were produced 

by team sport players who also achieved a more horizontally oriented GRF vector at 5 m (Bezodis 

et al., 2017), and higher mean hip extension angular velocities during stance were observed in the 

trials which produced greater horizontal propulsive impulse at 16 m (Hunter et al., 2005). 

Conversely, the touchdown and stance averaged hip extension angular velocities achieved by 

backs in this chapter were not associated with initial sprint acceleration performance. Possible 

reasons for why this might be different to previous research are due to differences in participant 

status and their constraints, the sprint phase studied (i.e., initial acceleration versus the 16 m mark; 

Hunter et al., 2005) and/or differences in the sprinting performance variable used.    

 

Although the hip joint has been shown to contribute significantly to CM horizontal acceleration (e.g., 

Schache et al., 2019; Veloso et al., 2015), the ankle has been observed to be the main contributor 

during the initial steps, predominantly during the final two thirds of the stance phase where it 

generates high amounts of energy (Debaere et al., 2013a; Schache et al., 2019). However, its 

function and associated angular kinematics for approximately the first third of the stance phase, 

whilst absorbing energy, have also been identified as playing an important role. For example, 

Bezodis et al. (2015) observed, through simulation, that when the amount of ankle dorsiflexion was 

reduced during the early stance phase of the first step, average horizontal power increased 

exponentially. The increased power was shown to derive from both a shorter contact time and an 

increase in net horizontal impulse (Bezodis et al., 2015). Furthermore, during the early stance 

phase, maintaining a ‘stiff’ ankle during dorsiflexion has been empirically shown to increase as the 

resultant GRF and horizontal CM velocity at take-off increases (Charalambous et al., 2012). 

Despite the importance of ankle joint stiffness and potentially the ability to attenuate ankle 

dorsiflexion during the negative power phase during early stance, neither ankle dorsiflexion range 

of motion nor the peak ankle dorsiflexion angle attained during the stance phase were meaningfully 

related to the NAHEP of backs reported in this chapter. 

 

In isolation the hip and ankle kinematic variables investigated in this chapter were not significantly 

or meaningfully related to acceleration performance, despite some evidence within the literature to 

partially support these correlations. However, when combined, touchdown hip angular velocity and 

peak ankle dorsiflexion angle were moderately meaningfully related to NAHEP. The adjusted r² 

demonstrated a small effect (Table 4.2), although the model was not statistically significant. The 
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meaningful multiple relationship may in part be explained by the synergistic action of the hip and 

ankle, whereby a relatively stable foot with regards to the foot-ground interface during the first third 

of the stance phase as the ankle dorsiflexes helps to provide a foundation from which the hip 

extensors can contribute mostly to CM horizontal acceleration (Schache et al., 2019; Veloso et al., 

2015). However, even though the combination of hip and ankle joint angular kinematics could 

theoretically be important for initial acceleration performance, the regression model testing this 

theory was not significant and the effect was only small. Further investigations are needed to 

ascertain whether ankle and hip kinematics during early stance are influential to initial sprint 

performance. For example, it is feasible that the strength-related qualities of the muscles spanning 

the hip and ankle joint are likely to contribute to the high hip extensor and ankle plantarflexor 

moments required for high initial acceleration performance (see Sections 2.3.4 and 2.3.6, Chapter 

2). Therefore, exploring how hip and ankle angular kinematics combine with the strength-related 

qualities of the muscles spanning these joints interact with NAHEP produced during the initial steps 

is explored in Chapter 5 to provide a more complete understanding on the contributory factors to 

the initial acceleration performance of rugby backs.  

 

4.4.4 Is toe-off distance consistently related to initial acceleration performance? 

Despite a number of variables relating to a more negative toe-off distance, the results of the study 

presented in this chapter show confidence limits for the relationship between toe-off distance and 

NAHEP to overlap substantial negative and positive values and thus the correlation (r = -0.24) is 

not deemed meaningful, or statistically significant. This was an unexpected result given the findings 

in Chapter 3 where toe-off distance was consistently and meaningfully related to the NAHEP 

magnitude produced in backs, forwards and sprinters. The magnitude of the relationship between 

toe-off distance and NAHEP in the current chapter was within the expected range of values for the 

estimate of the same relationship in Chapter 3 (90% CI: = -0.74 to 0.00). However, despite this and 

the use of a comparatively homogenous population, the difference in correlation magnitude 

between chapters (Δ r = 0.20) was sufficient to result in different inferences. The potential reasons 

for this are discussed next. 

 

Previous research has shown statistically significant and very strong associations between toe-off 

distance (in the form of centre of mass angle at toe-off) of physical education students and 

propulsive forces and orientation of the GRF vector during the first step (Kugler & Janshen, 2010). 
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However, the toe-off distances of world class (Tier 5) sprinters were not related to the magnitude of 

NAHEP during the first stance phase (Walker et al., 2021). It is feasible that the differences in 

athlete status (i.e., Tier 1 vs. Tier 5) or acceleration performance measure (i.e., GRF impulse 

measures vs. NAHEP) may have explained the inconsistency in the findings between Kugler and 

Janshen (2010) and Walker et al. (2021). However, this cannot explain the inconsistency in the 

relationship of toe-off distance and acceleration performance observed between Chapters 3 and 4 

in this thesis since participants were of the same status (i.e., professional rugby backs, Tiers 4 to 5; 

5 participants in Chapter 3 were also included in the current chapter) and the same acceleration 

performance measure was used. Following the analysis, to check that the difference observed in 

the relationship between toe-off distance and NAHEP in the current chapter and Chapter 3 was not 

due to methodological differences, participants’ toe-off distances in the current chapter were also 

normalised to stature and averaged over the first three steps and the relationship of the values 

obtained with NAHEP over the same steps was determined (i.e., to enable a direct comparison with 

the same approach used in Chapter 3). The results of this analysis can be found in Table E.1 

(Appendix E). The relationship found was also not statistically significant or meaningful and toe-off 

distance does not, therefore, seem to consistently relate to NAHEP in rugby backs.  

 

One possible reason for the mixed findings between Chapters 3 and 4 in regard to the different 

relationships observed between toe-off distances and NAHEP can be explained by the different 

technique-based strategies observed within participants in the current chapter that were used to 

achieve similar NAHEP magnitudes. That is, inter-individual degeneracy may exist within backs in 

the context of performance, and it is still seemingly possible to achieve high NAHEP magnitudes 

relative to other backs without a large negative toe-off distance. However, whilst it may be possible 

to do so, other technical features may become more important, such as contact time. As evidenced 

by the strongest relationship of all correlations in this chapter (Figure 4.3 and 4.7), producing a 

more negative toe-off distance is reliant on a longer contact time. This is logical since the CM will 

be required to travel a greater horizontal distance during the stance phase to achieve a more 

negative toe-off distance. This increased contact time may offset the benefits of an increase in 

propulsive GRF if the magnitude of the increased impulse achieved is primarily through spending a 

longer time generating GRF rather than substantially increasing GRF magnitude. In such 

circumstances horizontal CM acceleration will likely be lower. This defines part of an optimisation 
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dilemma for the rugby player to resolve in finding the ‘favourable’ combination of contact time and 

toe-off distance to achieve their ideal initial sprint acceleration performance.  

 

The importance of the combination of contact time and propulsive force have been investigated at 

the third step of male sprinters where the combination of average propulsive force and propulsive 

time contributed 61% of the variance in NAHEP (von Lieres Und Wilkau et al., 2020a). The results 

in Table 4.2 (model 3) somewhat echo this finding where the combination of toe-off distance 

(having been shown to be representative of propulsive GRF magnitude) and contact time 

accounted for the largest percentage (37%) of the variance in NAHEP explained by any of the 

regression models. It would also appear that no single combination of toe-off distance and contact 

time is optimal for initial acceleration performance across all individuals since different 

combinations of these variables were used as part of individual strategies to achieve similar 

magnitudes of NAHEP. For instance, as shown in Figure 4.7 the fastest back produced the second 

shortest contact time but achieved a toe-off distance which was less (i.e., foot more posterior 

relative to the CM) than 16 out of 25 other players. In contrast, the participant who achieved the 

second highest magnitude of NAHEP (only 0.026 less than the highest produced within the group) 

produced the most posterior foot position relative to their CM at toe-off in the group, but their 

normalised contact times were longer than 20 of the players. Although not at the same extreme 

ends of the spectrum, similar combinations for the backs ranked third (6th shortest contact time, 

12th most negative toe-off distance) and fourth (19th shortest contact time, 19th most negative toe-

off distance) in terms of NAHEP were observed.  

 

Of the different combinations in toe-off distance and contact time, backs who produced short 

contact times and less negative toe-off distances produced higher step rates. Conversely, backs 

who produced more negative toe-off distances and longer contact times achieved longer step 

lengths. These patterns are also reinforced by the relationships (Figure 4.3) showing longer step 

lengths and slower step rates accompanied more negative toe-off distances, and also indicate that 

different combinations of step rate and step length may also be achieved to produce similar initial 

sprint acceleration performance. For instance, Figure 4.7 shows the fastest and third fastest back 

achieved relatively high step rates and short step lengths, whereas the second and fourth fastest 

backs achieved relatively low step rates and long step lengths. This explains further why there is a 
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lack of consensus, as discussed earlier in this chapter and in Chapter 2, on which of these higher-

level step characteristics are more important to sprinting performance.  

 

 

Figure 4.7. Scatterplot showing the relationship between toe-off distance and contact time. 
Data points have been scaled according to NAHEP magnitude, where the size of each marker 
is reflective of initial acceleration performance, with a larger marker equating to a greater 

magnitude of NAHEP. The numbers in brackets represent the rank order for that participant 
with regards to their observed NAHEP/step length/step rate, respectively. A lower number 
equates to a higher rank order. For example, ‘(1/25/2)’ would indicate that a back achieved 
the best sprint performance (highest NAHEP), the shortest (25th) step length and the 2nd 
highest step rate. 

 

Investigations into the step rate and step length as ‘whole-body’ gross kinematics and their different 

combinations leading to enhanced sprinting performance at the individual level, as discussed 

earlier in this chapter has previously been conducted across the full 100 m sprint in elite sprinters 

(Salo et al., 2011). A similar approach undertaken during the initial acceleration phase of backs 

may prove useful in assisting the decision-making process of coaches responsible for enhancing 

the initial sprint performance of these team sport players. Using a ‘whole-body’ approach in this 

way encompasses a backs’ individual sprinting strategy which reflects the outcome of the 

combination of multiple kinematic and kinetic variables. This approach has been adopted in 

Chapter 6. 
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Although the laws of motion which govern sprinting are reflected by the external kinetic 

determinants of acceleration performance (Section 2.2, Chapter 2), and are relatively well 

established, the way individuals utilise the multiple degrees of freedom available to them when 

sprinting to solve these mechanical constraints during initial acceleration are more complex and 

less well known (Sections 2.3 to 2.6, Chapter 2). Consequently, looking at the whole-body gross 

kinematics (spatiotemporal variables) as a way to encapsulate the multiple possibilities to ‘utilise 

the degrees of freedom’ within the mechanical constraints in initial sprint acceleration for backs 

may capture individual kinematic strategies. Identifying whether backs are individually reliant on 

certain strategies for better initial acceleration performance may then help direct sprint training 

practices towards emphasising different strategies for the individualised enhancement of the sprint 

acceleration capabilities of rugby backs. If, through this process, a different strategy is identified for 

an individual as being favourable compared with their existing preference then barriers preventing 

their ability to achieve this new strategy would need to be removed. In consideration of this, 

understanding the performer constraints which underpin these different strategies is required for 

further understanding. For instance, if progressing a rugby back to a different strategy is not 

possible for an individual to consistently do (without sacrificing sprinting performance), because of 

unmodifiable physical constraints such as leg length, then the thought-to-be new “favourable” 

strategy for an individual is not achievable. If the physical constraint is a modifiable one (e.g., 

strength-related qualities) then a ‘path’ towards the required change in initial sprint strategy will 

likely require modifications to the underlying physical qualities which underpin the new strategy. 

 

4.5 Chapter summary 

 
This chapter sought to provide an advance in knowledge of the technique-based variables which 

are associated with the initial acceleration performance of rugby backs by answering research 

question II - How do angular kinematics and normalised spatiotemporal variables relate to the toe-

off distance and initial acceleration performance of professional rugby backs? The observed results 

showed six variables to be meaningfully related to the initial sprint acceleration performance of 

backs during the first four steps. However, the relationships were only small to moderate and only 

three were statistically significant. The combination of hip touchdown angular velocity and peak 

ankle dorsiflexion angle was moderately related to the NAHEP of participants, although the 

regression analysis model was not significant and other contributory factors explain substantially 
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more of the variation in initial sprint acceleration performance. Perhaps the most surprising finding 

was that no meaningful relationships were evident between toe-off distance and NAHEP, in 

contrast with the findings reported in Chapter 3 in which this variable was highlighted as a 

potentially important technical feature for the initial acceleration performance of backs. When toe-

off distance and contact time were combined within a regression model, however, a large multiple 

correlation was observed, and these variables explained a significantly large variation in NAHEP. 

Different combinations of contact time and toe-off distances were shown to result in similar initial 

sprint acceleration performance, however, without a single combination likely resulting in 

optimisation of performance. Differences in related step characteristics also demonstrated that 

varying combinations of spatiotemporal variables can also accompany similar initial sprint 

acceleration performance. 

 

The findings of this chapter, particularly when combined with the findings of Chapter 3, support the 

premise that a motor task such as sprinting can be accomplished through numerous solutions 

(Bernstein, 1967). Therefore, the findings of group study designs aiming to establish optimum 

sports techniques may be misrepresentative due to inter-individual differences in movement 

preferences which can result in similar performance outcomes. At worst, attempts to alter a single, 

or select number of, technical features in an individual (based on the findings of group study 

correlational analysis) may result in decreased initial sprint performance especially if the athlete 

does not possess the physical qualities required to successfully execute the new strategy. 

Therefore, an understanding of how physical qualities, in the way of strength-based characteristics, 

may act as performer constraints (Newell, 1986) to influence the technical features of backs during 

the initial steps of sprinting, and how they relate to their acceleration performance, is needed 

alongside a way to identify the kinematic aspects of technique important for backs at the intra-

individual level.   
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CHAPTER 5:  THE RELATIONSHIPS OF STRENGTH QUALITIES WITH THE KINEMATICS 

AND INITIAL SPRINT ACCELERATION PERFORMANCE OF PROFESSIONAL RUGBY BACKS 

 

5.1 Introduction 

 
The previous two studies within this thesis (Chapters 3 and 4) have shown there is inconsistency in 

the relationships between technical features of professional rugby backs’ initial sprint acceleration 

and their corresponding performance (NAHEP). It was also evident that participants were able to 

achieve similar magnitudes of NAHEP through different movement tendencies, supporting the 

premise that motor tasks can be accomplished through numerous movement solutions (Bernstein, 

1967). Where relationships have been observed in these studies (Chapters 3 and 4), they were 

only small to moderate, and other contributory (unknown) factors explained substantially more of 

the variation in NAHEP. Given that ecological dynamics and constraints led approaches view 

behaviour as emerging through a function of performer-environment interactions and the 

interactions between task, environmental, and performer constraints (Newell, 1986), it was prudent 

to investigate how strength-qualities of rugby backs may relate to NAHEP and how they interact 

with technical features adopted in this sprint phase. This is important to gain a more complete 

understanding of the contributory factors to initial sprint acceleration performance in rugby backs, 

 

Owing to the high force and velocity requirements during sprinting, relationships between the lower 

limb strength and power strength qualities of team sport players and sprint acceleration 

performance have been researched extensively (e.g., Baker & Nance, 1999; Brechue,  et al., 2010; 

Chelly et al., 2010; Cronin & Hansen, 2005; Cunningham et al., 2013; Dowson et al., 1998; Lockie 

et al., 2011; Lockie et al., 2015; Loturco et al., 2015; McBride et al., 2009; Sleivert & Taingahue, 

2004; Wisloff et al., 2004; Zabaloy et al., 2020). However, during the initial steps of a sprint 

(approximately ≤ 5 m) these studies have typically focussed on participants from team sports 

outside of rugby union, or on rugby union players competing at an amateur level. Given that 

differences exist in the sprinting performances, anthropometrics and strength capabilities between 

athletes in different team sports, and between competitive standards within rugby union (Brazier et 

al., 2020), the relationships between these performer constraints may differ in full-time professional 

rugby union backs, which form the focus of this thesis, compared with those already observed in 

team sport players in the available literature. Accordingly, one of the aims of this chapter was to 
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answer research question III - How are lower limb strength qualities related to the performance of 

professional rugby backs during initial acceleration?  

 

In addition to the previous research investigating the relationships between strength qualities and 

initial acceleration performance not being conducted on professional rugby backs, the strength 

qualities investigated in these studies are considered in isolation from the technical features used 

by participants, providing a limited perspective and amount of information with which to understand 

how acceleration performance is achieved. Whilst the strength training of rugby backs is typically 

undertaken for multiple purposes as part of their physical training to enhance their match-play 

performance (e.g., to increase muscle mass, cope with contact demands, reduce risk of injury), 

identifying the lower limb strength qualities of rugby backs, their interactions with technical features, 

and how these are associated with more effective sprint acceleration can inform the development 

of strength-based interventions to elicit training adaptations, which are relevant to the initial 

acceleration of these team sport players. Given that changes in these performer constraints will 

affect the way individuals interact with their environment (Fajen et al., 2008), knowledge of the way 

that strength-based qualities relate to technical features adopted during the initial steps of a sprint 

would also provide further insight into how the different movement strategies observed in this sprint 

phase may be influenced. Accordingly, this chapter also aimed to answer research question IV - 

What are the relationships between lower limb strength qualities and technical features, and how 

do their interactions associate with initial acceleration performance in professional rugby backs? By 

answering research questions III and IV, the information obtained in doing so would inform the 

training of professional rugby union backs aimed at directly enhancing their lower limb strength 

capacities and / or movement strategies to improve initial sprint acceleration performance.  

 

5.2 Methods 

 
5.2.1 Participants 

 
The same 25 male professional rugby union backs who were studied in Chapter 4 also participated 

in this study and were tested as part of a routine battery of physical assessments which take place 

at several time points across the season. Since these data were pre-existing from the testing 

conducted as part of the rugby players’ usual training schedule, and were anonymised, informed 

consent was not required (Haugen et al., 2019b; Winter & Maughan, 2009). Study protocols were 
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submitted to, and approved by, the University of Surrey’s Research Ethics Committee. At the time 

of testing, participants were free from injury and frequently completed maximal sprint accelerations 

and strength and power training within their usual weekly training regime. Data were collected 

during the pre-season following 48-hours of abstinence from running, sprinting and lower body 

strength training. 

 

5.2.2. Procedures 

 
Initial sprint acceleration performance (NAHEP) and kinematic variables from participants over the 

first four steps were obtained from the same data set in Chapter 4 (see section 4.2.2 for full 

procedures). Additional variables for analyses included in the study reported in this chapter were 

obtained from three different strength-based assessments which took place on another day in the 

same week that variables were attained from the sprint trials. Participants were fully familiar with 

each strength-based assessment, having completed these tests on multiple occasions previously. 

 

5.2.3 Repeated jump assessment 

 
Firstly, participants completed repeated unilateral in-place jumps testing (hereafter referred to as 

repeated jumps). This involved performing two series of 10 continuous vertical jumps with hands on 

hips aiming to achieve maximum height whilst spending the smallest possible time in contact with 

the ground. The hip and knee of the non-test side were flexed to approximately 90° throughout the 

jumps. Participants performed two warm-up efforts separated by two minutes rest. Following a 

further two minutes rest, participants completed the first series of 10 repeated jumps (left side, 

followed by right side) and rested for three minutes before completing a second series. Jump 

heights (m; determined from flight times) and contact times (s) were collected for each jump, using 

an infrared timing system (Optojump, Microgate), from which the reactive strength index (RSI) was 

determined by the ratio of jump height to contact time (Flanagan et al., 2008; Flanagan & Comyns, 

2008). Using a modified approach from Comyns et al. (2019), the average of the best three RSI 

scores within the series of 10 jumps was used to establish an overall RSI value for that series. 

Contact times and jump heights for each of the three jumps which produced the highest overall RSI 

within the 10 jumps on the left side were averaged and retained for analysis, as were the 

equivalent values on the right side. The left and right-side jump heights, contact times and RSI 

were then averaged and used within the statistical analyses. Vertical stiffness relative to body mass 
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(Kvert/kg) was an additional variable initially calculated from the contact and flight times achieved 

during repeated jumps using the equations from Dalleau et al. (2004). However, this measure 

shared a practically perfect negative relationship (r = -0.97) with repeated jump contact time 

(hereafter referred to as repeated contact time) and thus these variables are synonymous within 

this assessment. For this reason, vertical stiffness was omitted from any analysis to avoid 

duplication and reduce the number of variables analysed. 

 

5.2.2 Squat jump force-velocity profiling 

 
Secondly, participants completed squat jumps under different loaded conditions based on 

procedures modified from Samozino et al. (2013). Participants performed two maximal effort squat 

jumps under five different loading conditions (0, 20, 40, 60 and 80 kg) as a variety of loads have 

been shown to produce valid and reliable results for the main output measures of interest (García-

Ramos et al., 2021). The maximum load equated to, on average, 85% of participants’ body mass 

(range 75 to 100%). Initially, the vertical distance the CM travelled for each participant during the 

push off (hpo) in each squat jump was estimated. To obtain this, extended leg length was first 

measured to simulate the take-off position of a squat jump. This was determined as the distance 

(m) from the centre of the right greater trochanter to the tip of the toe on the same side when lying 

supine with ankles maximally plantarflexed. Squat jump depth (m) was then measured (to simulate 

the bottom position of a squat jump) as the distance from the centre of the right greater trochanter 

to the floor in the bottom of the squat jump position. Squat depth was self-selected by participants 

according to the depth they felt would achieve the highest jump height based on their experience of 

performing squat jumps across a number of loads, which has also been shown to be valid and 

reliable (Janicijevic et al., 2020). By subtracting squat jump depth from extended leg length, hpo 

was estimated (Samozino et al., 2013). To ensure hpo was consistent in each jump during testing, a 

box was set at the height of each participant’s squat depth to be in contact with their buttocks when 

their self-selected squat jump depth was met. 

 

 

Three measures were determined from the loaded squat jumps (Samozino et al., 2013): 1) 

theoretical maximal force production of the lower limbs (F0 [N/kg]); 2) theoretical maximal extension 

velocity of the lower limbs (V0 [m/s]); 3) maximal mechanical power output (Pmax [W/kg]).  
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For each jump, participants descended to the height at which their buttocks touched the box set to 

the height of their self-selected depth and held this position for approximately 2 seconds before 

jumping vertically, on the cue of the tester, with maximal intent. Jump heights (m) were recorded 

using an infrared timing system (Optojump, Microgate) and each jump was carefully observed to 

check for any prior countermovement before jumping and that approximately the same leg joint 

configurations were met upon touchdown as that at the point of take-off (i.e., ankles plantarflexed 

and knees extended). Participants rested for approximately two and four minutes between each 

trial of the same and different load, respectively. Using vertical push-off height (hpo), jump height 

(h), the acceleration due to gravity (g; 9.81) and system mass (m; body mass + mass of external 

mass), averaged leg extension force and CM vertical velocity over the push-off was determined 

using the previously validated equations (Samozino et al., 2008): 

 

Mean force = mg((h/hpo) + 1) 

Mean velocity = √
𝑔ℎ

2
 

 

The theoretical maximal force production (F0 [N/kg]) and maximal extension velocity of the lower 

limbs (V0 [m/s]) were then extrapolated as the intercept of the force and velocity axes, respectively, 

from the FV relationship (Samozino et al., 2013). Maximal mechanical power output (Pmax [W/kg]) 

was then calculated through the following equation (Samozino et al., 2013): 

 

Pmax = 𝐹0 × 𝑉0/4 

 

5.2.3 Isometric hip extensor torque assessment 

 
Thirdly, the peak isometric torque (Nm/kg) of the hip extensors (hereafter referred to as hip torque) 

was assessed using adapted protocols from Goodwin and Bull (2021) and Czache et al. (2018). 

Participants were supine with hips (just below ASIS) positioned beneath an immoveable bar where 

hard, dense matting was placed between the hips and the bar to prevent gapping and provide 

comfort (Figure 5.1). The foot of the testing side was strapped to a wooden wedge attached to a 

linear bearing rail permitting vertical movement only, while the heel of each participant was 

positioned in the centre of a force plate (PASCO, PS-2141; 1000Hz), with the foot of the non-

testing side lifted off the ground. Using a hand-held goniometer, the hip angle of the testing side 
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was set at ~120° to be broadly representative of the mean hip joint angle of participants at 

touchdown during their first four steps during sprint trials (106°), where peak hip extensor moments 

are observed during the initial steps (e.g., Bezodis et al., 2014; Schache et al., 2019). The 

difference between the hip angle in testing and the mean touchdown hip angles of participants 

during the first four steps was within the previously observed crossover range of joint angle-specific 

peak isometric torque (Lanza et al., 1995). The knee joint angle (also using a handheld 

goniometer) was set to 75° to reduce knee flexor involvement within the test (Kwon & Lee, 2013; 

Sakamoto et al., 2009). The moment arm (m) was measured using a tape measure as the distance 

from the lateral aspect of the greater trochanter to the point where the heel was in contact with the 

force plate. 

 

After establishing a baseline vertical force for approximately 5 seconds, participants were 

instructed to “push their heel down into the force plate as fast and as hard as they can, as if 

pressing the bar with their hips up towards the ceiling” until the vertical force had visibly plateaued 

(≤ 5 s). After three minutes rest, participants completed a second trial. This sequence took place 

three times on both left and right sides, with the peak force achieved averaged across all trials for 

each side after removal of the baseline force. These forces were then multiplied by the respective 

moment arm and normalised to body mass before being averaged across both sides to determine 

an overall peak hip torque (Nm/kg; hereafter referred to as hip torque) for each participant. 

 

Quantitative analysis of sagittal plane videos captured during the testing confirmed that hip and 

knee angles ranged between 119-122° and 73-77°, respectively. To obtain these angular 

measures, one trial for ten participants was filmed (240 Hz; iPhoneXS, Apple Inc, Cupertino, Ca). 

The participants moved towards the left end of the immoveable bar (Figure 5.1) and the camera 

was positioned perpendicular to participants’ hip joint centres, to the right end of the immoveable 

bar using a ×0.5 zoom wide angle lens setting, permitting a field of view wide enough to obtain the 

relevant measures. Video files were imported to Kinovea (v.0.8.27) motion analysis software where 

hip and knee joint angles were checked for deviation from their pre-set angles. Given the low CV 

values for hip torque (see results section), it is unlikely that the deviations in these joint angles 

during the hip torque assessment biased any outcomes. 
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One additional variable was also calculated which combined measures from across two of the 

above tests: hip torque/repeated jump contact time. This was selected based on stance kinetics 

during acceleration where hip extensor power generation and ankle stiffness qualities are observed 

as the ankle absorbs energy and are thought to act synergistically to facilitate horizontal CM 

acceleration (e.g., Schache et al., 2019; Veloso et al., 2015). This ratio allowed for the evaluation of 

the combination of hip extensor and vertical stiffness measures, with a higher or lower value 

indicative of a relatively greater inclination towards hip extensor or vertical stiffness respectively.  

 

 

Figure 5.1. Set up for the isometric hip extensor torque assessment  

 

 

 
5.2.4 Statistical analyses 
 
Descriptive statistics (mean ± SD) were calculated for all variables. Normal distribution of the data 

was checked by the Shapiro-Wilk normality test. The within-individual coefficient of variation (CV) 

was calculated for each individual across their respective trials in each strength-based assessment 

and the average of these across the entire group was then determined as a measure of relative 

reliability for each measure, representing the typical error as a percentage of the mean for each 

measurement (Atkinson & Nevill, 1998). As detailed in Chapter 4 (section 4.3.1), good to excellent 

reliability for the manual digitisation process for all kinematic variables during the first four steps 

(ICC = 0.78 to > 0.90) was observed. Relationships between strength-based variables and NAHEP 

were determined using either multiple, bivariate or semi-partial correlation coefficients (r) – the 

latter to control repeated jump measures for body mass. Relationships of all strength-based 
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variables in their absolute form with normalised spatiotemporal variables, as well as linear and 

angular kinematics, were determined using partial correlations to control dependent and 

independent variables for body mass. Confidence intervals (90%) for all observed relationships 

were calculated to detect the smallest clinically important correlation coefficient (r = ±0.1). 

Relationships were deemed meaningful when their magnitudes were equal to or greater than the 

smallest clinically important correlation and confidence limits did not include positive and negative 

values greater than the smallest clinically important correlation 

 

Hip torque and body mass were then combined with either repeated contact time, normalised hip 

extension touchdown angular velocity, or peak ankle dorsiflexion angle within three separate linear 

multiple regression models, using the ‘enter’ method for variable selection, to assess their 

combined associations with NAHEP (dependent variable). Repeated contact time, body mass and 

normalised hip touchdown angular velocity were also included within a linear multiple regression 

model to assess their combined associations with NAHEP (dependent variable). The independent 

variables were selected based on the lower limb joint kinetics during the early portion of the stance 

phase where hip extensor power generation and lower limb reactive strength and stiffness-like 

qualities are observed as the ankle absorbs energy (Charalambous et al., 2012; Debaere et al., 

2013a; Schache et al., 2019), and are thought to act synergistically to facilitate horizontal CM 

acceleration (e.g., Veloso et al., 2015). Autocorrelations for regression analyses were minimal 

(Durbin-Watson 2.0 to 2.5) and multicollinearity was within acceptable thresholds of 1.1 to 1.5 (Hair 

et al., 2019). Five separate Cartesian plane quadrants were formed to provide a visual 

representation of the relative magnitudes of hip torque and repeated contact time, hip torque and 

RSI, and repeated jump height and repeated contact time in relation to the magnitudes of NAHEP 

achieved by participants. 

 

For all correlation coefficients, the strength of observed relationships were defined as: (±) < 0.1, 

trivial; 0.1 to < 0.3, small; 0.3 to 0.5 moderate, 0.5 to 0.7 large, 0.7 to 0.9 very large and > 0.9, 

practically perfect (Hopkins, 2002). To reduce the possibility of the estimated explained variation of 

NAHEP being overstated by the coefficient of determination, owing to the sample size used in the 

analysis, adjusted r squared (r²) was calculated to interpret the effect size with thresholds set as: < 

0.02, trivial; 0.02 to 0.13, small; 0.13 to 0.26, large (Cohen, 2013). All analyses were performed 

using SPSS (v26.0) with alpha set at p < 0.05.  
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5.3 Results 

 
Descriptive statistics for the strength-based variables are detailed in Table 5.1. The group mean 

CVs for all strength variables were < 10%, indicating these data were reliable (Atkinson & Nevill, 

1998). The descriptive statistics for NAHEP and sprint technique-based kinematic variables were 

reported in Chapter 4 (Table 4.1). 

 

Table 5.1. Descriptive statistics for strength-based variables of participants 

Variables Mean SD Min. Max. CV (%) 

F0 (N/kg) 37.15 4.77 29.00 47.09 4.7 

V0 (m/s) 3.13 0.46 2.32 4.07 5.9 

Pmax (W/kg) 28.94 4.74 18.00 38.67 4.2 

Hip torque (Nm/kg) 5.81 0.79 4.46 7.77 2.4 

Repeated CT (s) 0.276 0.025 0.240 0.316 4.4 

Repeated jump height (m) 0.18 0.02 0.13 0.21 4.7 

Repeated RSI (height / CT) 0.64 0.09 0.44 0.82 5.4 

Hip torque / repeated CT ratio 21.22 3.69 14.46 30.06 5.2 

           
 

 

5.3.1 Relationships of NAHEP with strength-based variables 

 
For strength-based measures in isolation, hip torque, Pmax, repeated jump height and RSI and the 

hip torque / repeated CT ratio were all meaningfully and moderately related (r = 0.35 to 0.39) with 

NAHEP (Figure 5.2). Repeated jump height, when controlled for body mass, however, was the only 

variable demonstrating a statistically significant relationship with NAHEP, uniquely contributing to 

16% of the variance in the independent variable.  

 

When combined in a multiple linear regression model, a meaningful multiple relationship of hip 

torque, repeated contact time and body mass with NAHEP (small effect) was found, though the 

model was not statistically significant (Figure 5.3).  
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Figure 5.2. Correlation coefficients (± 90% CI) between strength-based variables and NAHEP 
over the initial four steps of a sprint. A trivial relationship (r = ± 0.1) is indicated by the central 
grey shaded area. Horizontal dotted lines represent thresholds for the magnitude of relationships 
(S, small; M, moderate; L, large; VL, very large). Black shaded markers indicate that the 
relationship is deemed greater than the smallest clinically important correlation coefficient, and 
therefore meaningful. Asterisks indicate relationships that are statistically significant  (p < 0.05).  
 

ªSemi-partial correlations with strength-based measures controlled for body mass (all other 
relationships were determined using bivariate correlations with strength-based variables 
normalised to body mass). 

 

 

  
 

Figure 5.3. Interaction between hip torque, repeated contact time and NAHEP during the first 
four steps of professional rugby union backs. The centre of each data point represents the mean 
of these strength measures for an individual. Dotted lines divide axes according to a median split 
to form quadrants. The size of the marker depicts the relative sprinting performance (NAHEP) of 
each participant over the first four steps, with marker sizes increasing in proportion to the 
magnitude of a given participant’s performance (i.e., largest marker size = highest NAHEP). 
Results for the multiple regression analysis in which hip torque, repeated contact time and body 
mass were entered as independent variables and NAHEP as the dependent variable are also 
shown. For adjusted r2 values, bold font depicts an effect size considered meaningful (> 0.09). β 
= standardised coefficients for independent variables.  

r² = 0.09; p = 0.17 
Hip torque, β = 0.35 
Repeated CT, β = 0.03 
Mass, β = -0.25 
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5.3.2 Relationships of strength-based characteristics with sprinting kinematics 

 
Several strength-based variables were meaningfully related with normalised spatiotemporal 

variables (Table 5.2). Five statistically significant relationships were observed involving contact 

time and step rate. Of these statistically significant correlations, shorter contact times were 

associated with higher hip torques, hip torque/repeated contact time ratio, RSI and lower 

repeated contact time (moderate to large relationships). A statistically significant, moderate 

negative relationship was also observed between repeated contact time and step rate. 

 

Regarding linear kinematics (Table 5.3), participants with more negative touchdown distances 

produced greater magnitudes of hip torque and shorter repeated contact time (and therefore 

their hip torque/contact time ratio was also higher) as depicted by the moderate to large and 

statistically significant relationships of these strength variables with touchdown distance. The 

strength and direction of these correlations were almost identical to the relationship of these 

strength variables with contact length, whereas toe-off distance was significantly related only to 

hip torque/contact time ratio (moderate relationship). That is, participants tended to position their 

foot less posterior relative to the CM at toe-off when hip torque/contact time ratio was higher. No 

strength-based variables were meaningfully related to flight length. 

 

Hip torque and hip torque/repeated contact time ratio were more related to leg segment angles 

at touchdown (i.e., the proximal ends of these segments were more oriented towards the 

direction of travel) when controlling for body mass, compared with other strength-based 

variables. This was evident by the statistically significant correlations ranging from r = -0.55 to -

0.41 (Table 5.4) showing the relationships of strength-based variables with touchdown and 

stance phase angular kinematics (note that the 90% CI have been removed from Table 5.4 to 

help with the clarity of viewing results, but these can be seen in Table F.1 in Appendix F). A 

higher Pmax was associated with a more dorsiflexed ankle at touchdown and the peak 

dorsiflexion angle of this joint during ground contact (significant moderate to large relationships). 

Peak ankle dorsiflexion also exhibited statistically significant negative relationships of a 

moderate magnitude with V0 and repeated contact time. Higher Pmax and F0 were strongly and 

moderately associated with a more flexed knee angle at touchdown, respectively, where 

statistically significant relationships were observed. Pmax was negatively and positively 
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associated with hip touchdown angular velocity and stance mean hip angular velocity, 

respectively, where statistically significant moderate and large relationships were found. Stance 

mean hip angular velocity was the only touchdown kinematic variable which repeated jump 

height was significantly correlated to (moderate positive relationship). 

 

The strength-based variable relationships with toe-off angular kinematics (Table 5.5) were 

typically weaker than their relationships with touchdown angular kinematics (note that the 90% 

CI have been removed from Table 5.5 to help with the clarity of viewing results, but these can be 

seen in Table F.2 in Appendix F). Four statistically significant relationships were found, all 

involving shank, foot or ankle angular positions at toe-off. Of these relationships, hip torque and 

hip torque/repeated contact time ratio were moderately and positively related to shank angle. 

Foot angle at toe-off positively and moderately correlated to F0, whereas the ankle joint angle at 

toe-off was found to moderately, and negatively, relate to repeated jump height.   

 
 

5.3.3 Interaction of strength-based variables and sprinting kinematics with NAHEP 

The multiple linear regression models investigating the interaction of hip torque and body mass 

with either hip touchdown velocity or peak ankle dorsiflexion with NAHEP were found to be 

meaningfully associated with acceleration performance (large effect, Figures 5.4 - 5.5). Trivial 

relationships with NAHEP were found when repeated contact time and hip touchdown velocity 

were combined with body mass (Figures 5.6). No linear regression model was found to be 

statistically significant. 
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Table 5.2. Partial correlation coefficients (90% CL) between strength-based variables in their absolute form and normalised spatiotemporal variables (Hof, 
1996) over the initial four steps, controlling for body mass.   

  

Strength-based 
variables 

  Normalised spatiotemporal variables 

 Step length  Step rate  Contact time  Flight time 

Hip torque  -0.28 (-0.56 to 0.06)  0.17 (-0.18 to 0.48)  -0.42* (-0.66 to -0.10)  0.27 (-0.07 to 0.56) 

F0  -0.01 (-0.35 to 0.33)  0.11 (-0.24 to 0.43)  -0.21 (-0.51 to 0.14)  0.17 (-0.18 to 0.48) 

V0  0.10 (-0.25 to 0.42)  -0.19 (-0.50 to 0.16)  0.14 (-0.21 to 0.46)  0.17 (-0.18 to 0.48) 

Pmax  0.05 (-0.29 to 0.38)  -0.06 (-0.39 to 0.28)  -0.17 (-0.48 to 0.18)  0.26 (-0.08 to 0.55) 

Repeated CT  0.34 (0.00 to 0.61)  -0.47* (0.16 to 0.70)  0.43* (0.11 to 0.67)  -0.03 (-0.36 to 0.31) 

Repeated jump 
height 

 0.09 (-0.25 to 0.41)  -0.11 (-0.43 to 0.24)  -0.20 (-0.50 to 0.15)  0.39 (0.06 to 0.64) 

RSI  -0.11 (-0.43 to 0.24)  0.16 (-0.19 to 0.47)  -0.42* (-0.66 to -0.10)  0.35 (0.01 to 0.61) 

Hip torque/CT ratio  -0.39 (-0.64 to -0.06)  0.34 (0.00 to 0.61)  -0.55* (-0.75 to -0.26)  0.23 (-0.12 to 0.53) 

  
Bold font indicates that the relationship is deemed greater than the smallest clinically important correlation coefficient (r = ± 0.26) 
 

Asterisks indicate statistical significance (p = < 0.05) 
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Table 5.3. Partial correlation coefficients (90% CL) between strength-based variables in their absolute form and normalised linear kinematic variables (Hof, 
1996) over the initial four steps, controlling for body mass.   

  
Strength-
based 
variables 

  Normalised linear kinematic variables 

 Touchdown distance  Toe-off distance  Contact length  Flight length 

Hip torque  -0.51* (-0.73 to -0.21)  0.36 (0.02 to 0.62)  -0.49* (-0.71 to -0.18)  0.17 (-0.17 to 0.48) 

F0 
 -0.01 (-0.35 to 0.33)  0.09 (-0.26 to 0.41)  -0.05 (-0.38 to 0.29)  0.03 (-0.31 to 0.36) 

V0 
 0.20 (-0.15 to 0.50)  0.06 (-0.28 to 0.39)  0.11 (-0.24 to 0.43)  0.04 (-0.31 to 0.37) 

Pmax  0.15 (-0.19 to 0.47)  0.14 (-0.21 to 0.45)  0.04 (-0.3 to 0.37)  0.02 (-0.31 to 0.36) 

Repeated CT  0.45* (0.13 to 0.68)  -0.37 (-0.63 to -0.03)  0.46* (0.14 to 0.69)  -0.04 (-0.37 to 0.30) 

Repeated 
jump height 

 -0.13 (-0.45 to 0.21)  0.01 (-0.32 to 0.35)  -0.09 (-0.42 to 0.25)  0.24 (-0.11 to 0.53) 

RSI  -0.37 (-0.63 to -0.04)  0.23 (-0.12 to 0.52)  -0.34 (-0.61 to -0.01)  0.24 (-0.11 to 0.53) 

Hip 
torque/CT 
ratio 

 -0.64* (-0.80 to -0.39)  0.48* (0.17 to 0.70)  -0.63* (-0.80 to -0.37)  0.17 (-0.18 to 0.48) 

 
     Bold font indicates that the relationship is deemed greater than the smallest clinically important correlation coefficient (r = ± 0.26) 
 

     Asterisks indicate statistical significance (p = < 0.05) 
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Table 5.4. Partial correlation coefficients of strength-based variables in their absolute form with touchdown and stance phase angular kinematics over the initial four 
steps, controlling for body mass. Hip angular velocity measures have been normalised (Hof 1996)  
  

Strength-
based 
variables 

  Touchdown angular kinematics 

 Foot 
angle 

 Shank 
angle 

 Thigh 
angle 

 Trunk 
angle 

 Ankle 
angle 

 
Peak ankle 
dorsiflexion 

angle 

 
Ankle 

dorsiflexion 
ROM 

 Knee 
angle 

 Hip 
angle 

 

Hip 
touchdown 

angular 
velocity 

 

Stance 
mean 

hip 
angular 
velocity 

Hip 
torque  

 
-0.32 

 
-0.46*  -0.37  -0.03  -0.07  -0.14  0.04  0.02  0.24  -0.09  0.31 

 
 

 
                   

F0  

 
-0.02 

 
-0.35  0.18  -0.07  -0.31  -0.15  0.30  -0.45*  -0.20  -0.27  0.34 

 
 

 
                   

V0  
 

0.10 
 

-0.09  0.15  -0.09  -0.28  -0.48*  0.04  -0.20  -0.18  -0.33  0.35 
 

 
 

                   

Pmax  

 
0.07 

 
-0.34  0.25  -0.14  -0.46*  -0.56*  0.26  -0.50*  -0.31  -0.47*  0.57* 

 
 

 
                   

Repeated 
CT 

 
0.30 

 
0.29  0.35  -0.16  -0.13  -0.40*  -0.04  -0.16  -0.37  -0.15  0.27 

 
 

 
                   

Repeated 
jump 
height 

 
-0.10 

 
-0.18  0.03  -0.06  -0.10  -0.06  -0.06  -0.19  -0.08  -0.14  0.49* 

 
 

 
                   

RSI 
 

-0.27 
 

-0.33  -0.18  0.04  -0.01  0.20  -0.02  -0.08  0.15  -0.04  0.24 
 

 
 

                   

Hip 
torque/CT 
ratio 

 
-0.41* 

 
-0.55*  -0.48*  0.07  -0.01  0.09  0.04  0.08  0.39  -0.01  0.11 

 

 

 

                   

 
Bold font indicates that the relationship is deemed greater than the smallest clinically important correlation coefficient  
 

Asterisks indicate statistical significance (p = < 0.05) 
 

Note that the 90% CI for these relationships can be found in Table F.1 in Appendix F 
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Table 5.5. Partial correlation coefficients between strength-based variables in their absolute form and toe-off angular kinematics over the initial four steps, 
controlling for body mass.  

Strength-
based 
variables 

    Toe-off angular kinematics 

 Foot angle  Shank angle  Thigh angle  Trunk angle  Ankle angle  Knee angle  Hip angle 

  
Thigh 

separati
on angle 

Hip torque 
 

0.40 
 

0.42*  -0.01  0.09  -0.16  0.27  0.09  -0.12 
                

F0 

 
0.43* 

 
-0.12  0.31  0.14  -0.30  -0.34  -0.07  -0.08 

                

V0 

 
0.05 

 
-0.14  -0.14  0.05  -0.07  0.05  0.11  0.11 

                

Pmax 
 

0.35 
 

-0.20  0.12  0.14  -0.29  -0.20  0.03  0.05 
                

Repeated CT 
 

-0.11 
 

-0.17  -0.40  0.00  -0.12  0.18  0.22  0.37 
                

Repeated 
jump height 

 
0.30 

 
-0.13  -0.24  0.04  -0.43*  0.09  0.18  0.09 

                

RSI 
 

0.32 
 

-0.03  0.05  0.02  -0.29  -0.05  0.01  -0.16 
                

Hip 
torque/CT 
ratio 

 
0.39 

 
0.44*  0.20  0.09  -0.06  0.13  -0.03  -0.27 

                

 
     Bold font indicates that the relationship is deemed greater than the smallest clinically important correlation coefficient (r = ± 0.26) 
 

     Asterisks indicate statistical significance (p = < 0.05) 
 

     Note that the 90% CI for these relationships can be found in Table F.2 in Appendix F 
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Figure 5.4. Interaction between hip torque and normalised hip touchdown angular velocity and 
NAHEP during the first four steps of professional rugby union backs. Each marker represents the 
mean of these strength measures for an individual. Dotted lines divide axes according to a 
median split to form quadrants. The size of the marker depicts the relative sprinting performance 
(NAHEP) of each participant over the first four steps, with marker sizes increasing in proportion 
to the magnitude of a given participant’s performance (i.e., largest marker size = highest 
NAHEP). Results for the multiple regression analysis in which hip torque, normalised hip 
touchdown angular velocity and body mass were entered as independent variables and NAHEP 
as the dependent variable are also shown. For adjusted r2 values, bold font depicts an effect size 
considered meaningful (> 0.09). β = standardised coefficients for independent variables. 
 

 
 

 
Figure 5.5. Interaction between hip torque and peak ankle dorsiflexion angle and NAHEP during 
the first four steps of professional rugby union backs. Each marker represents the mean of these 
strength measures for an individual. Dotted lines divide axes according to a median split to form 
quadrants. The size of the marker depicts the relative sprinting performance (NAHEP) of each 
participant over the first four steps, with marker sizes increasing in proportion to the magnitude 
of a given participant’s performance (i.e., largest marker size = highest NAHEP). Results for the 
multiple regression analysis in which hip torque, peak ankle dorsiflexion and body mass were 
entered as independent variables and NAHEP as the dependent variable are also shown. For 
adjusted r2 values, bold font depicts an effect size considered meaningful (> 0.09). β = 
standardised coefficients for independent variables. 

r² = 0.11; p = 0.18 
Hip torque, β = 0.33 
Hip touchdown velocity, β 0.04 
Mass, β = -0.23 

r² = 0.12; p = 0.14 
Hip torque, β = 0.34 
Peak ankle dorsiflexion, β -0.16 
Mass, β = -0.26 
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Figure 5.6. Interaction between repeated contact time and normalised hip touchdown angular 
velocity and NAHEP during the first four steps of professional rugby union backs. Each marker 
represents the mean of these strength measures for an individual. Dotted lines divide axes 
according to a median split to form quadrants. The size of the marker depicts the relative 
sprinting performance (NAHEP) of each participant over the first four steps, with marker sizes 
increasing in proportion to the magnitude of a given participant’s performance (i.e., largest 
marker size = highest NAHEP). Results for the multiple regression analysis in which repeated 
contact time, normalised hip touchdown angular velocity and body mass were entered as 
independent variables and NAHEP as the dependent variable are also shown. For adjusted r2 

values, bold font depicts an effect size considered meaningful (> 0.09). β = standardised 
coefficients for independent variables. 
 

 

 
 
 

5.4 Discussion 

 
The results of the study reported in this chapter showed several strength qualities to meaningfully 

relate to the NAHEP of professional rugby backs during the first four steps of sprinting. However, 

only one of these relationships was statistically significant, and for all associations only a small 

percentage of variation in NAHEP could uniquely be attributed to the variation in any single 

strength-based variable. Furthermore, several multiple linear regression models used to investigate 

the combination of hip torque and vertical stiffness or the combination of either of these strength 

variables with hip and ankle joint angular kinematics during initial acceleration could not explain a 

statistically significant amount of variation in NAHEP. However, a number of large and statistically 

significant relationships were observed between strength-based variables and sprinting kinematics, 

providing support for the premise that although they may not combine to directly influence 

performance outcome, physical constraints do interact with the movement strategies adopted by 

individuals (Fajen et al., 2008; Newell, 1986). 

 

r² = -0.02; p = 0.50 
Repeated contact time, β = -0.04 
Hip touchdown velocity, β 0.13 
Mass, β = -0.27 
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5.4.1 Squat jump FV profiling measures and NAHEP 

Given the high levels of lower limb extensor/plantar flexor energy generation necessary during the 

initial steps of sprinting to achieve high CM horizontal acceleration (e.g., Bezodis et al., 2014; Brazil 

et al., 2017; Debaere et al., 2013a), it is logical to deduce that performance during strength-based 

assessments, such as the squat jump, which also require high extensor/plantar flexor energy 

generation, would be meaningfully correlated to sprint performances over distances in which these 

initial steps are taken (Cronin & Hansen, 2005; Sleivert & Taingahue, 2004). 

 

Pmax of participants during squat jump FV profiling was higher (28.94 ± 4.74 vs 25.64 ± 4.47 W/kg) 

compared with the only study to publish relationships between squat jump FV profiling measures 

and initial acceleration performance (5 m sprint times) of rugby backs (Zabaloy et al., 2020). This 

difference in Pmax was underpinned by higher V0 (3.13 ± 0.46 vs 2.77 ± 0.48 m/s), since F0 was 

comparable between participant groups (37.15 ± 4.77 vs 36.96 ± 6.21 N/kg) and was possibly due 

to the differences in playing standard (i.e., the participants studied by Zabaloy et al. (2020) 

competed at an amateur level). The findings across both sets of analyses were similar to the 

relationships between both F0 and V0 and acceleration performance, where small statistically non-

significant relationships were found. Whilst relationships between Pmax and acceleration 

performance were also found to be statistically non-significant across both participant groups, the 

magnitude of this relationship in the current study was moderate (r = 0.38, p = 0.06), and larger 

than the small magnitude of the Pmax and acceleration performance relationships (r = 0.18, p > 

0.05) of the participants studied by Zabaloy et al. (2020). Whilst Pmax may play a relatively small 

role in the production of NAHEP, and despite the squat jump sharing a similar lower limb net 

energy generation emphasis with the initial steps of a sprint, collectively, these results suggest that 

other factors contribute a larger extent to the initial acceleration performance of rugby union backs. 

 

One reason why a stronger relationship was not observed between Pmax and NAHEP could be due 

to differences in the mechanical specificity between the squat jump and initial steps of sprinting in 

the relative contributions of the lower limb joint moments and powers to the external power 

generated in these tasks. For instance, the squat jump has been shown to produce substantially 

larger peak extensor joint moments and powers at the knee compared with the hip and ankle joints 
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(Jandacka et al., 2014). However, the initial steps of a sprint require greater hip and ankle joint 

peak moments and powers compared with those at the knee (Bezodis et al., 2014; Brazil et al., 

2017; Charalambous et al., 2012; Debaere et al., 2013a; Jacobs & van Ingen Schenau, 1992; 

Schache et al., 2019). Hip extensor and ankle plantarflexor joint kinetics have also been shown to 

be of greater importance, than those at the knee, to sprint acceleration performance by some 

researchers (Charalambous et al., 2012; Schache et al., 2019; Veloso et al., 2015), outlining the 

importance of considering relationships of strength qualities focusing more on the hip extensors 

and ankle plantarflexors with initial acceleration performance.  

 

5.4.2 Hip torque measures and NAHEP 

The hip is in an advantageous position to accelerate the CM forwards early in the stance phase, 

owing to its distance from the GRF vector, where extensor moments are at their peak (Bezodis et 

al., 2014; Charalambous et al., 2012; Debaere et al., 2013a; Jacobs & van Ingen Schenau, 1992; 

Schache et al., 2019; Veloso et al., 2015). This, to an extent, may explain previous findings which 

have demonstrated a greater contribution of hip, compared with knee, extensor moments to 

acceleration performance (e.g., Schache, et al., 2019; Veloso et al., 2015), and a stronger 

association between mean propulsive power in the hip thrust and 10 m sprint time, than mean 

propulsive power in the squat jump and 10 m sprint time (Loturco et al., 2018). However, the 

relationship observed between hip torque and NAHEP in the current study (r = 0.39, p = 0.056) was 

near identical to that between Pmax and NAHEP. Therefore, although in isolation hip torque may 

play a relatively small role in initial acceleration performance, a greater variation in the NAHEP of 

participants could also be explained by other factors than their hip torque capacity.  

 

These findings highlight potential issues with only assessing lower limb power and force generating 

capacities during concentric and/or isometric strength-based assessments, such as the squat jump 

and hip torque test, respectively, since any benefits derived from lower limb strength qualities 

relevant to when the ankle absorbs energy during the early stance phase are disregarded. Unlike 

the hip and knee joints during early acceleration, the ankle shows a clear pattern of dorsiflexion 

followed by plantarflexion, and thus energy absorption then generation due to the plantarflexor 

moment dominance throughout stance (e.g., Bezodis et al., 2014; Charalambous et al., 2012; 

Debaere et al., 2013a), justifying the inclusion of the repeated jump assessment in this study. 
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5.4.3 Repeated jump measures and NAHEP 

When rounded to two decimal places, the magnitude of the relationship between repeated jump 

height and NAHEP was the same as that between hip torque and NAHEP (r = 0.39; meaningful, 

moderate). However, an r value difference of just 0.007 between the two (repeated jump height, r = 

0.394, p = 0.045; hip torque, r = 0.387, p = 0.056) was enough for the relationship between 

repeated jump height and NAHEP to be statistically significant. RSI was also correlated to NAHEP 

by a similar magnitude (r = 0.36, p = 0.07), although this was not statistically significant. When 

considered in combination with the trivial relationship between repeated contact time and NAHEP, 

the pattern of these relationships was similar to previous research. For instance, the relationships 

of RSI and contact time during bilateral drop jumps with the 10 m sprint times of professional rugby 

union backs decreased across these strength-based variables (reactive strength, r = -0.60, p < 

0.01; contact time, r = 0.38; p > 0.05) in Cunningham et al. (2013). Collectively, these findings 

suggest reactive strength may be of some importance to early acceleration performance in 

professional rugby union backs, but that the ability to generate a higher jump height for a given 

contact time, rather than to reduce contact time for a given jump height, in repeated jumping or 

drop jumps is more related to initial sprint performance. This highlights the importance of 

considering not only the RSI scores achieved by backs during testing for reactive strength, but also 

each component of RSI individually (i.e., jump height and contact time) to provide a more complete 

understanding of their acceleration-specific strength qualities. 

 

5.4.4 Hip and ankle interaction with NAHEP 

Leg stiffness during bilateral hopping tasks and vertical stiffness during single leg drop jumps has 

been shown to primarily depend on ankle joint stiffness during hopping tasks (Farley & Morgenroth, 

1999; Kuitunen et al., 2011; Maloney et al., 2017), and therefore, the ankle joint stiffness capacity 

of participants would likely have contributed substantially to the vertical stiffness (repeated contact 

times) achieved in the repeated jumps. This is of interest since attenuating the degree of ankle 

dorsiflexion and achieving higher levels of ankle joint stiffness during the negative power phase of 

the ground contact in the initial steps, have been shown to be advantageous to initial acceleration 

performance (Bezodis et al., 2015; Charalambous et al., 2012). Despite the trivial relationship 

between repeated contact time and NAHEP in the current study, considering the interaction 

between this strength measure and hip extensor torque, and the interaction of these strength-
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based variables with hip and ankle kinematics during initial acceleration is relevant owing to the 

synergy between the hip and ankle in this sprint phase, as discussed in detail in the literature 

review in Chapter 2 (see Sections 2.3.4, 2.3.6 and 2.6.3). In brief, sufficient ankle stiffness will be 

needed in early acceleration to help facilitate a stable foot position with regards to the foot-ground 

interface. In turn this will enable the hip extensors to generate effective horizontal CM acceleration 

without their energy being dissipated by a relatively weak ankle joint (Veloso et al., 2015). On the 

basis of such findings in the initial steps, researchers have advocated the development of reactive 

strength and stiffness qualities of the plantarflexors through plyometric hopping-based activities to 

enhance initial sprint acceleration performance (Bezodis et al., 2015; Charalambous et al., 2012). 

Equally though, without the ability to produce large hip extensor moments, the advantages of a 

stable foot position will decrease since the forwards CM acceleration induced by the hip extensors 

would be lower. 

 

Findings from multiple linear regression analyses in this chapter exploring the interaction of hip 

torque and repeated contact time with NAHEP and these strength qualities with hip and ankle 

kinematic features build on the results in Chapter 4 (Section 4.4.2). In Chapter 4, when peak ankle 

dorsiflexion angle was combined with hip touchdown velocity and body mass a meaningful 

relationship with NAHEP was evident (adjusted r² = 0.09, small effect). Similarly, across the 

multiple linear regression models within this chapter, combinations of hip torque and repeated 

contact time and combinations of hip torque and ankle kinematics demonstrated meaningful 

relationships (adjusted r² = 0.09 to 0.12, small effects) with NAHEP. Although smaller and trivial 

effects in the regression models involving repeated contact time and body mass with either hip 

touchdown angular velocity or peak ankle dorsiflexion angle were observed, the division of the 

axes in Figures 5.3 and 5.6 using a median split provides some insight of the interaction of these 

variables with NAHEP. For instance, in Figure 5.3 eight of the nine participants in the quadrant 

where hip torque was low and repeated contact time was high were among the eleven lowest 

NAHEP magnitudes observed in participants (bottom right quadrant). In Figure 5.6, of the seven 

participants contained within the quadrant where longer repeated contact time and lower hip 

touchdown angular velocity was observed (top left quadrant), six of the 13 slowest participants 

were also found. Collectively, these descriptive findings provide some evidence that coaches might 

want to consider hip torque and vertical stiffness strength-based qualities of rugby backs along with 

their hip and ankle kinematics during the initial steps (i.e., touchdown angular velocity and peak 
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ankle dorsiflexion angle) in the context of their early acceleration performance. However, the 

regression analyses were not statistically significant and could only explain a small amount in the 

variation of NAHEP. It was apparent that rugby backs could achieve similar NAHEP with different 

combinations in the variables investigated. Therefore, even when variables are considered in 

combination, fundamentally different technical approaches can be used between different sub-

groups, which explains why there are no strong relationships at the whole-group level. The effects 

of the regression models were also mostly explained by the magnitude of hip torque, as shown by 

the higher standardised beta-coefficients for this independent variable (Figures 5.3 – 5.5), which is 

consistent with the relationship of this variable in isolation with NAHEP (Figure 5.2).   

 

5.4.5 Strength-based measures and sprinting kinematics 

Little is known about how strength qualities and technical features of athletes during sprinting are 

related. Given that movement patterns adopted by individuals are influenced by their organismic 

constraints (Newell, 1986), the strength qualities that rugby backs possess may, in part, shape their 

movement preferences during the initial steps of a sprint. There were a number of moderate to 

large statistically significant relationships between strength qualities and sprinting kinematics in the 

current study, suggesting that the movement strategies adopted by rugby backs during the initial 

steps of sprinting may be associated with their leg strength capacities. 

Higher hip torque and lower repeated contact time, and therefore a higher hip torque/repeated 

contact time ratio, correlated significantly to shorter contact time during the initial steps, shown by 

the statistically significant moderate to large relationships between these variables (Table 5.2). 

There appeared to be a pattern to the relationships of hip torque, repeated contact time and hip 

torque/repeated contact time ratio with other sprinting kinematics, which explains their association 

with contact time during sprinting. For instance, these strength-based variables demonstrated 

relationships of a similar magnitude and the same direction with touchdown distance and contact 

length as they did with contact time. This is logical since a smaller touchdown distance and contact 

length will likely result in a shorter contact time, since less time is required for the CM to rotate 

forward of the stance foot before producing rapid leg extension (Jacobs & van Ingen Schenau, 

1992).  

Higher vertical stiffness should enable energy to be released more quickly during the ground 

contact phase, whereas greater hip extensor strength capabilities may have resulted in increased 
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forward acceleration of the CM, especially during the early stance phase owing to the hip’s 

mechanically advantageous position at this point (Schache et al., 2019; Veloso et al., 2015), thus 

contributing to a reduced contact time. Given the moderate to large statistically significant negative 

relationships of hip torque/repeated contact time ratio with foot, shank and thigh angle at 

touchdown, participants with higher levels of these strength qualities may have self-organised to 

produce the smaller touchdown distances by orienting their lower limb segments more horizontally 

(i.e., with their proximal ends more forward rotated towards the direction of travel), although this 

requires further investigation. 

Pmax was the only other strength-based variable to be statistically significantly related to several 

technical features of participants during initial acceleration. Higher Pmax was negatively associated 

the knee flexion angle of participants at touchdown (relationship was large and statistically 

significant) during the initial steps of acceleration. The smaller knee angles adopted at touchdown 

may have enabled participants with greater Pmax during the squat jump FV profiling to produce 

greater knee extensor resultant moments when sprinting, thus taking advantage of their greater 

explosive knee extensor capabilities demonstrated during the squat jump (Jandacka et al., 2014). 

Although caution ought to be given when drawing conclusions from case-study approaches with 

low participant numbers (n = 3), the kinetic investigation undertaken by Bezodis et al. (2014) 

revealed that the sprinter in their study who produced greater peak knee extensor moments (by a 

factor of approximately 1.5 to 2.5) and greater peak positive power at the knee (by 1.7 to three 

times higher) compared with the other sprinters also produced a more flexed knee angle. 

Collectively, from the results reported in the current chapter, there a number of meaningful 

relationships between strength-based qualities and technique-based features of rugby backs, and 

interactions of both strength and technique variables with their acceleration performance which, 

when considered in relation to existing biomechanics research on initial sprint acceleration, may 

provide insight into the way in which rugby backs may self-organise in part due to their strength-

based qualities, although again this requires further investigation and to be tested through 

intervention-based research. 

 

In summary, with reference to the research questions posed in this chapter, four strength-based 

variables in isolation (hip torque, Pmax, repeated jump height and RSI) were meaningfully related to 

NAHEP. The largest of these relationships, which was the only statistically significant relationship 
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observed between the strength variables in isolation and acceleration performance, involved 

repeated jump height. However, only 16% of the variance in NAHEP was uniquely accounted for by 

this strength-based variable when it was controlled for body mass. Whilst combinations of multiple 

strength qualities and strength-based variables with technical features focussed on the hip and 

ankle were meaningfully related with NAHEP (small effect), the multiple linear regression models 

were not statistically significant and only a small variance in acceleration performance could be 

predicted by the variation of the independent variables. These findings, combined with those in 

Chapters 3 and 4, highlight the challenges in finding technical or strength variables in isolation, or 

even in combination, that are significantly and consistently related to the initial acceleration of 

rugby union backs when considered cross-sectionally across a whole group. This is likely owing to 

the complex adaptive nature of humans (Davids et al., 2014) and the multiple degrees of freedom 

during sprinting, which interact to produce different patterns of emergent movement (Tononi et al., 

1999). 

 

Several strength qualities – namely hip torque, repeated contact time, hip torque/repeated contact 

time ratio and Pmax – were associated with a range of sprinting kinematic variables where moderate 

to large statistically significant relationships between strength capacities and a number of 

spatiotemporal, linear and angular kinematics were observed. This information builds on a strong 

body of evidence which highlights that changes to an individual’s performer properties directly 

influences their emergent behavioural patterns (Davids et al., 2008; Newell, 1986; Newel 1976; 

Saltzman & Kelso, 1987). However, whilst there is some experimental evidence that changes in 

joint kinematics can be made through specific strength training (Rajic et al., 2020), kinematic 

changes are yet to be demonstrated during initial sprint acceleration following a strength-based 

intervention. The results of the current study therefore provide preliminary groundwork on which 

this concept is explored during the initial steps of maximal sprinting in professional rugby backs in 

Chapters 6 and 7. 

 

5.5 Chapter summary 

By answering research question III – How are lower limb strength qualities related to the 

performance of professional rugby backs during initial acceleration? – the current study is the first 

to provide insight into the relationships between a range of strength qualities and acceleration 

performance of professional rugby union backs and how these strength-based variables combine 



 

156 
 

with technical features to interact with NAHEP. By answering research question IV - What are the 

relationships between lower limb strength qualities and technical features, and how do their 

interactions associate with initial acceleration performance in professional rugby backs? – it is also 

the first to investigate how strength qualities associate with selected spatiotemporal variables and 

linear and angular kinematics in this population during the first four steps of maximal sprinting. The 

findings suggest that some strength qualities in isolation and combination may be important to 

initial acceleration performance, but only to a relatively small extent given the relatively low 

correlation magnitudes and lack of statistically significant relationships. When strength-based 

variables were combined with technical features relating to hip and ankle kinematics, they were 

only able to predict a small amount of the variation in participants’ initial acceleration performance 

that was not statistically significant. In contrast, there were several moderate to large statistically 

significant relationships between strength qualities and a range of technical features.    

Collectively these results, in conjunction with the findings in Chapters 3 and 4, indicate that 

generalised, whole-group, patterns in the relationships of technical features and strength qualities 

with acceleration performance across a group of rugby backs may not exist, and that similar 

performance can be achieved with varying combinations in the magnitudes of these variables. 

Therefore, to provide actionable information for the training interventions of coaches aiming to 

enhance the early acceleration performance of rugby backs, the characteristics of these athletes at 

the intra-individual level ought to be investigated, since group level findings clearly cannot be 

applied with a high degree of confidence to any single individual.  
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CHAPTER 6: CHARACTERISING INITIAL SPRINT ACCELERATION STRATEGIES USING A 

WHOLE-BODY KINEMATICS APPROACH 

 

A version of the study reported in this chapter was published in the Journal of Sports Sciences as 

Wild et al. (2022) - doi.org/10.1080/02640414.2021.1985759.The study presented here has been 

updated and revised to take account of research published since the study’s publication and to 

integrate fully within the thesis narrative. 

 

 

6.1 Introduction 

 
As observed by the findings reported in Chapters 3 to 5, there is variation in the technique 

strategies used during the initial steps of sprinting by rugby backs. From an ecological dynamics 

perspective, this can be explained by the different interacting environmental, task and performer 

constraints for each individual (Newell, 1986) which will result in different patterns of emergent 

motor behaviour during initial acceleration. Thus far in this thesis, no definitive conclusions can be 

drawn from the findings of the research undertaken at a whole-group level on which, if any, 

technique-based strategies are more important for any given individual back to achieve high 

acceleration performance. The approach taken so far has been to investigate how the technical 

features of rugby backs associate with their initial acceleration performance in terms of the motor 

system’s individual, constituent parts. Although a system is composed of its constituent parts, 

proponents of ecological dynamics would suggest that a system will have characteristics which 

cannot be found by studying these individual parts alone (Button et al., 2020). Therefore, a way to 

encapsulate the motor system behaviours of rugby backs as a ‘whole’ during the initial steps may 

provide more useful information on the strategies they adopt to achieve high levels of acceleration 

performance. 

 

Due to the multi-articular nature of sprinting, portraying an acceleration strategy is complex owing 

to the multiple degrees of freedom that coordinate to achieve the task goal (Bernstein, 1967). 

Consequently, the data required to provide a full description of an athlete’s movement coordination 

during sprinting is highly challenging to assimilate and would lead to a vast amount of information 

which is of limited value to coaches pursuing an actionable basis for their technical interventions. 

Determining an individual’s acceleration strategy through higher-level spatiotemporal 

https://www.tandfonline.com/doi/full/10.1080/02640414.2021.1985759
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characteristics may therefore be a more viable ‘whole-body’ approach. Such an approach is 

consistent with ecological dynamics where, as already alluded to, information on system behaviour 

at a holistic level is deemed richer than information on individual constituent parts (Button et al., 

2020). From an applied perspective this is beneficial as spatiotemporal measures can be obtained 

promptly. Measures such as step length, step rate, contact time and flight time are the outcome of 

a complex interaction between linear and angular kinematic and kinetic factors underpinning this 

motor skill, and they provide rich holistic level information regarding system behaviour during 

acceleration.  

 

If acceleration strategies can be identified using a whole-body approach, it is important to establish 

whether a discrete number, or a widespread continuum, of strategies exists, even within a relatively 

homogeneous cohort of individuals from the same sport who are typically subjected to similar task 

and environmental constraints. If a given cluster of individuals, defined by a discrete strategy, is 

shown to achieve better acceleration performance than other clusters, then a training approach 

targeting the more successful strategy may be warranted across the entire group. If clusters cannot 

be identified, but performance is associated with a given strategy on a continuum, then this may 

also signify that all individuals might benefit from interventions aimed at facilitating a shift towards 

that strategy. Alternatively, if there is no clear indication that the strategy of a given cluster, or on a 

continuum if clear clusters do not exist, is superior in performance terms, then each individual’s 

needs ought to be considered with regards to the enhancement of acceleration performance.  

 

To provide more granular information to inform the training practices of coaches where a shift in 

sprinting strategy is deemed necessary, an understanding of the linear and angular kinematic 

technical features and strength qualities that underpin the different strategies adopted is necessary. 

Accordingly, this chapter sought to answer research question V - To what extent do whole-body 

kinematic strategies differ within a group of professional rugby backs according to the combination 

of their normalised spatiotemporal variables during the first four steps, and what are the differences 

in technical features and strength qualities between these strategies? An additional factor which 

needs to be considered is the consistency of a given individual’s strategy, since high levels of 

variability (i.e., a less stable strategy) would undermine training interventions if a representative 

strategy for an individual cannot be identified. Therefore, determining levels of intra-individual 

variability is important so that meaningful changes in strategies can be identified with confidence 
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and so research question VI - How stable are intra-individual whole-body kinematic strategies 

during initial acceleration in professional rugby backs? - was also addressed in this chapter.  

 

 

6.2 Methods 

6.2.1 Participants 

Twenty-nine male professional rugby union backs (mean ± SD: age 25 ± 3 years; stature 1.81 ± 

0.06 m; leg length 1.00 ± 0.05 m; body mass 93.7 ± 9.1 kg) competing in the English Premiership 

were analysed in this study. Since these data were pre-existing from the testing conducted during 

the players’ usual training schedule, and were anonymised, informed consent was not required 

(Haugen et al., 2019b; Winter & Maughan, 2009). As explained later in this section, data from 

Chapters 4 and 5 were used in this chapter and thus study protocols relating to the collection of 

these data were already approved by the University of Surrey Ethics Committee. For new data 

obtained in this chapter, ethical and/or governance review was not deemed as required after 

completing the University of Surrey Self-Assessment Governance and Ethics form for Humans and 

Data Research (SAGE-HDR). At the time of testing, participants were injury free and frequently 

completed maximal sprint accelerations within their usual weekly training regime. 

 

6.2.2 Procedures 

Firstly, to determine how acceleration strategies differ within participants, the acceleration 

performance and spatiotemporal data based on the 25 participants in Chapter 4 were used along 

with acceleration performance and spatiotemporal data which were obtained from four additional 

participants. These variables included: acceleration performance (NAHEP) and normalised 

spatiotemporal variables (step length, step rate, contact time and flight time) over the first four 

steps. From the spatiotemporal variables, two additional variables – normalised step 

length/normalised step rate and contact time/flight time ratios (hereafter referred to as length/rate 

and contact/flight ratios) – were calculated as a measure of each participant’s whole-body 

kinematic strategy. The former ratio allows for the evaluation of the combination of step length and 

step rate (Nagahara et al., 2018a), whilst the latter allows for the evaluation of the combination of 

contact time and flight time (Coh & Tomazin, 2006). These ratios provide additional useful 

information to step length and step rate alone and have been used to categorise distinctive running 
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styles to guide future measurement and interpretation (van Oeveren et al., 2021), although whether 

this approach can be applied to initial acceleration is not known. 

 

Secondly, to determine how the technical features and strength-based qualities differed between 

acceleration strategies, the data used were based on the technical features and strength-based 

qualities determined for the 25 participants in Chapter 4 (technical features) and Chapter 5 

(strength-based qualities) respectively (i.e., the same 25 participants indicated in the opening 

paragraph of this section). In addition to measures of NAHEP, normalised spatiotemporal variables 

and their ratios as mentioned above, the other technical features of interest in this chapter 

included: linear kinematics (touchdown distance, toe-off distance, contact length and flight length), 

angular orientations (°) of the stance foot, shank, and thigh, and trunk, segments (with respect to 

the horizontal) and of the stance ankle, knee and hip joints at touchdown and toe-off, peak 

dorsiflexion angle, ankle range of motion and mean stance hip angular velocity during the stance 

phase, and hip angular velocity at touchdown and thigh separation angle at toe-off. Spatiotemporal 

variables, linear kinematics and angular velocities were all normalised using the equations of Hof 

(1996). For more detail on how NAHEP and all sprint-technique kinematic variables were obtained, 

see Section 4.2.2 (Chapter 4). The strength-based variables of interest in this chapter included:  hip 

torque (Nm/kg), Pmax (W/kg), repeated jump height (m), repeated jump CT (contact time, s), RSI 

(height/contact time) and the hip torque/CT ratio. For information on how these data were obtained, 

see Section 5.2.3 to 5.2.5 (Chapter 5). 

 

Thirdly, to address the aim of this chapter regarding the stability of whole-body kinematic 

strategies, 13 of the 29 participants completed the sprint testing protocol on three additional 

occasions. At all three sessions, NAHEP and normalised spatiotemporal variables were obtained, 

resulting in data being collected for 12 sprints for 13 participants (i.e., three sprints on four separate 

occasions) over the course of six to eight weeks during pre-season. 

 

6.2.3 Statistical analyses 

Mean data for kinematic variables were obtained over four steps and averaged across the three 

sprint trials for each participant. Group descriptive data (mean ± SD) were calculated for all 

variables and checked for normal distribution using the Shapiro-Wilk statistic. The within individual 

coefficient of variation (CV) was calculated for each individual and the average of these across the 
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entire group was then determined as a measure of relative reliability representing the typical error 

as a percentage of the mean for each measurement (Atkinson & Nevill, 1998). To examine the 

relationships of normalised spatiotemporal variables and strength qualities with NAHEP, semi-

partial correlation coefficients controlling the independent variables for body mass or bivariate 

correlations were used. Therefore, the direct effects of inter-individual differences in both body 

mass and leg length on the results of this analysis were minimised. Confidence intervals (90%) for 

all observed relationships were calculated to detect the smallest clinically important correlation 

coefficient (r = ±0.1). Relationships were deemed meaningful when their magnitudes were equal to 

or greater than the smallest clinically important correlation and confidence limits did not include 

positive and negative values greater than the smallest clinically important correlation. The strength 

of relationships were defined as: (±) < 0.1, trivial; 0.1 to < 0.3, small; 0.3 to < 0.5 moderate, 0.5 to < 

0.7 large, 0.7 to < 0.9 very large and ≥ 0.9, practically perfect (Hopkins, 2002). 

 

The length/rate and contact/flight ratios were standardised as z-scores across the group. Cartesian 

plane quadrants were formed with these standardised length/rate and contact/flight ratios on the 

vertical and horizontal axes, respectively, to provide a novel single visual representation of each 

individual’s whole-body kinematic strategy. A hierarchical agglomerative cluster analysis (Everitt et 

al., 2011) was then conducted to determine homogenous participant groups according to the 

combination of their normalised spatiotemporal variables. The complete linkage approach (Gordon, 

1999; Lance & Williams, 1967) was used and the final number of clusters was determined by visual 

inspection of the scree plot (Hair et al., 2019; Jauhiainen et al., 2020), with the dendrogram also 

visually inspected to confirm the number of clusters identified (Phinyomark et al., 2015; Watari et 

al., 2018). To identify any differences in normalised spatiotemporal variables, linear and angular 

kinematics and strength qualities between clusters, a one-way ANOVA was conducted and, where 

significant main effects were observed, post hoc testing (Tukey’s HSD) was run. The Kruskal-

Wallis test was used where data were not normally distributed. All analyses were performed using 

SPSS (v26.0) with alpha set at p < 0.05. 

 

For the 13 participants who undertook testing on four separate occasions, coefficients of variation 

and intraclass correlation coefficients (ICC) were calculated to determine the reliability of measured 

variables across their twelve sprint efforts. To determine the within-session consistency on each of 

the four testing occasions, the CV over three sprint efforts was calculated for each individual. The 
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CVs obtained from each testing occasion were then averaged for each individual. These values 

were averaged across the group to establish the group mean CV. An acceptance threshold of < 

10% for CV was used (Atkinson & Nevill, 1998) to indicate whether these strategies were reliable. 

To determine the consistency of participants’ sprinting strategies between testing sessions, for all 

variables, the mean value for each individual participant from each testing occasion were entered 

into Hopkins’ (2015) spreadsheet to calculate ICC and their 90% confidence intervals based on a 

single-rater, absolute agreement, 2-way mixed-effects model (Koo & Li, 2016). Intraclass 

correlation coefficient values were defined as poor (ICC = < 0.50), moderate (ICC = 0.50 to < 0.75), 

good (ICC = 0.75 to < 0.90) and excellent (ICC = ≥ 0.90) reliability (Koo, & Li, 2016).  

 

The distribution of participants’ whole-body kinematic sprinting strategies across their 12 sprints 

was represented in the form of individual confidence ellipses (90% confidence limits) calculated 

from the mean and covariance of their standardised length/rate and contact/flight ratios. The 

variability of normalised spatiotemporal variables and length/rate and contact/flight ratios was 

determined using the standard deviation and CV across the 12 sprints for each participant. The 

stability of the variables for each individual relative to the group standard deviation of the 29 

participants from the single sprint was calculated as a stability index (Maselli et al., 2019) as 

follows, where a higher 𝑆𝑗 is indicative of a more stable variable for that individual: 

 

𝑆𝑗 = 1 − (
𝑖𝑛𝑡𝑟𝑎 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑆𝐷

𝑖𝑛𝑡𝑒𝑟 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑆𝐷
 ) 

 
 
 
6.3 Results 

Group mean CVs for NAHEP, normalised spatiotemporal variables, and length/rate and 

contact/flight ratios during the single testing session involving 29 participants, and strength-based 

variable involving 25 participants (Table 6.1) were all ≤ 6%. When controlling independent variables 

for body mass using semi-partial correlations, a statistically significant moderate relationship 

between repeated jump height and NAHEP was found (Table 6.1). No other significant 

relationships were found between NAHEP and strength variables, or between NAHEP and 

normalised spatiotemporal variables or length/rate and contact/flight ratios.  
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6.3.1 Acceleration strategies and differences in their technical features and strength qualities 

Four homogenous clusters were established based on the combination of participants’ length/rate 

and contact/flight ratios (Figure 6.1a, 6.1b). No significant differences in NAHEP were evident 

between these clusters (Figure 6.1c). The initial sprint acceleration strategies were achieved 

through significant differences in a range of linear and angular kinematics between clusters, whilst 

several strength-based characteristics also differed significantly between clusters (Figures 6.2 to 

6.8).  

 

Step lengths were successively greater across clusters A to D, with significant differences between 

cluster A participants and all other clusters and between clusters B and D (Figure 6.2a). 

Differences in step length were accounted for primarily through touchdown distance and contact 

length which were both significantly smaller in clusters A and B compared with clusters C and D 

(Figure 6.3a,c). Step rates were successively less across clusters A to D, with significant 

differences evident between cluster A participants and all other clusters and between clusters B 

and D (Figure 6.2b). These differences in step rate between clusters were accounted for through 

differences in contact time, flight time, or both (Figure 6.2c,d). 

 

Regarding angular kinematics, significantly smaller foot and thigh segment touchdown angles (i.e., 

both segments were more vertical) were observed in clusters A and B, compared with clusters C 

and D (Figures 6.4a,c and 6.8). At toe-off, trunk angles of cluster D participants were significantly 

greater (more vertical; Figure 6.4d) and they also achieved significantly greater hip extension and 

thigh separation at toe-off compared with clusters A and B (Figures 6.6c, 6.6e and 6.7). Of the 

strength characteristics assessed, higher hip torque/contact time ratios were achieved by clusters 

A and B compared with clusters C and D (Figure 6.8f). 
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Table 6.1. Mean ± SD descriptive statistics for all variables, and relationships between normalised 
spatiotemporal variables over three sprint trials of participants and NAHEP. 
 
 

Descriptive statistics Correlations with NAHEP Coefficient of variation (%) 
Variable Mean ± SD r (90% CL) Mean ± SD 
NAHEP 0.562 ± 0.073 - 4.0 ± 2.4 

Step length 1.32 ± 0.10 -0.04 (-0.35 to 0.28)
a
 1.9 ± 1.0 

Step rate 1.38 ± 0.09 0.31 (0.00 to 0.57)
a
 1.3 ± 0.8 

Contact time 0.514 ± 0.041 -0.15 (-0.44 to 0.17)
a
 1.8 ± 1.0 

Flight time 0.212 ± 0.032 -0.23 (-0.51 to 0.09)
a 

3.2 ± 2.3 

CT/FT ratio 2.48 ± 0.46 0.18 (-0.14 to 0.47)
a
 4.1 ± 2.7 

SL/SR ratio 0.96 ± 0.13 -0.18 (-0.47 to 0.18)
a
 3.0 ± 1.7 

Hip torque (Nm/kg) 5.81 ± 0.79 0.39 (0.06 to 0.64)b 2.4 ± 1.3 

Pmax (W/kg) 28.94 ± 4.74 0.38 (0.05 to 0.64)b 4.2 ± 2.4 

Repeated jump 
height (m) 

0.18 ± 0.02 0.39 (0.06 to 0.64)*
a
 4.7 ± 2.5 

Repeated jump CT 
(s) 

0.276 ± 0.025 -0.06 (-0.39 to 0.28)
a
 4.4 ± 2.3 

RSI (height/CT) 0.64 ± 0.09 0.36 (0.03 to 0.62)
a
 5.4 ± 3.0 

Hip torque/CT ratio 21.22 ± 3.69 0.35 (0.01 to 0.61)b 5.2 ± 2.2 

a
Semi-partial correlations controlling the independent variables for body mass 

 

ᵇBivariate correlations 
 

 

*Statistically significant (p = < 0.05). Note the r value for the relationship between repeated jump 
height and NAHEP was 0.004 greater than the relationship between hip torque and NAHEP (i.e., 
enough of a difference for the former relationship to be considered statistically significant)  
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Figure 6.1. Cluster analysis used to establish homogenous groups of rugby backs according to their initial sprint acceleration strategy: a) a quadrant depicting the 
dispersion of participants according to their contact/flight and normalised length/rate ratios (standardised as z scores). Each marker and their centred number 
represent an individual. Participants have been grouped according to the four clusters identified during the hierarchical analysis (see Figure b) and the size of each 
marker is reflective of initial sprint acceleration performance, with a larger marker equating to a greater magnitude of normalised average horizontal external power 
(NAHEP); b) a dendrogram for the hierarchical cluster analysis of participants’ spatiotemporal step characteristics during the first four steps of a sprint. Individuals 
are represented by numbers on the x-axis. Four clusters are identified by colour and letters (A-D); c) NAHEP of each participant (circles) and the mean (black filled 
rectangles) for each cluster. No significant differences (one-way ANOVA) were evident between the mean NAHEP of clusters. 
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Figure 6.2. Normalised spatiotemporal variables, and step length/step rate and contact 
time/flight time ratios for clustered participants. Each marker (circle) represents an individual 
participant. Black filled rectangles indicate the group mean for each cluster. Data show results of 
the one-way ANOVA analysis conducted to determine differences in normalised spatiotemporal 
variables between each cluster of participants. The Kruskal-Wallis test was used as the non-
parametric alternative to the one-way ANOVA for determining differences in step length and step 
length/step rate ratio due to the non-normal distribution of these data for cluster ‘A' (step length) 
and cluster ‘D' (step length/step rate ratio). The median for each cluster in these cases is shown 
by the unfilled rectangles. 

*ABCDData are significantly different (p ≤0.05) to clusters A, B, C and D respectively.  
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Figure 6.3. Normalised linear kinematics for clustered participants. Each marker (circle) 
represents an individual. Black filled rectangles indicate the group mean for each cluster. Data 
show results of the one-way ANOVA analysis conducted to determine differences in normalised 
linear kinematic variables between each cluster. 

*ABCDData are significantly different (p ≤ 0.05) to clusters A, B, C and D respectively.  
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Figure 6.4. Segment touchdown and toe-off angular kinematics for clustered participants. Each marker (circle) represents an individual participant. Black 
filled rectangles indicate the group mean for each cluster. Data show results of the one-way ANOVA analysis conducted to determine differences in segment 
angle kinematic variables between each cluster. 

*ABCDData are significantly different (p ≤ 0.05) to clusters A, B, C and D respectively.  
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Figure 6.5. Knee and ankle angular kinematics for clustered participants. Each marker (circle) represents an individual participant. Black filled rectangles indicate 
the group mean for each cluster. Data show results of the one-way ANOVA analysis conducted to determine differences in knee and ankle angular kinematic 
variables between each cluster. 

*ABCDData are significantly different (p ≤ 0.05) to clusters A, B, C and D respectively.  
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Figure 6.6. Hip joint kinematics and thigh separation angle at toe-off for clustered participants. 
Each marker (circle) represents an individual. Black filled rectangles indicate the group mean for 
each cluster. Data show results of the one-way ANOVA analysis conducted to determine 
differences in hip joint angular kinematics between each cluster at touchdown and toe-off.  

*ABCDData are significantly different (p ≤0.05) to clusters A, B, C and D respectively.  
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Figure 6.7. a) Scaled spatial model showing the average of the mean orientations of 
the stance leg (foot, shank, thigh), trunk and head segments across all (four) steps 
for each cluster at touchdown and toe-off. The mean centre of mass location at 
touchdown and toe-off positions for clusters across all (four) steps is depicted as 
markers (circles), showing normalised linear kinematic variables. Horizontal and 
vertical scales are the same and all normalised linear kinematic variables are 
referenced to position of the toe of the contact leg; b) average of the mean 
normalised step times for clusters, divided into contact time (filled bars) and flight 
time (pattern filled bars). The proportion of time spent during the contact and flight 
phases relative to step time are shown as percentages.  
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Figure 6.8. Strength qualities for clustered participants. Each marker (circle) represents an individual. Black filled rectangles indicate the group mean for 
each cluster. Data show results of the one-way ANOVA analysis conducted to determine differences in strength qualities between each cluster. 

*ABCDData are significantly different (p ≤0.05) to clusters A, B, C and D respectively.  
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6.3.2 Stability of individual acceleration strategies 

For the 13 participants who undertook three sprint efforts on four separate occasions, ICCs and 

CVs (Table 6.2) across mean NAHEP, normalised spatiotemporal variables and length/rate and 

contact/flight ratios from each of the four testing sessions indicated excellent reliability (ICC > 0.90; 

mean CI 0.86-0.99, CVs 1.1-4.4%).  

 

Table 6.2. Reliability of normalised average horizontal external power and normalised 
spatiotemporal variables of rugby backs during initial sprint acceleration over four testing sessions 

Variable 
Coefficient of variation (%)

a

 Intraclass correlation coefficients
b

 
Mean ± SD Mean (90% CL) 

NAHEP 3.9 ± 2.1 0.94 (0.87 to 0.97) 

Step length 2.1 ± 1.5 0.93 (0.86 to 0.97) 

Step rate 1.1 ± 0.7 0.97 (0.93 to 0.99) 

Contact time 1.4 ± 0.9 0.95 (0.91 to 0.98) 

Flight time 3.6 ± 1.5 0.95 (0.90 to 0.98) 

CT/FT ratio 4.4 ± 1.6 0.95 (0.89 to 0.98) 

SL/SR ratio 2.8 ± 1.6 0.97 (0.94 to 0.99) 
a
On four testing occasions the coefficient of variation over three sprint efforts was calculated for 

each individual participant. Values obtained from each testing session were then averaged for 
each individual. Coefficients of variation across each individual were then averaged across the 
group to establish the mean ± SD displayed in this table. 
b
ICC estimates and their 90% confidence intervals were calculated based on a single-rater, 

absolute agreement, 2-way mixed-effects model. 
 

 

A representative sample of individual acceleration strategies were observed in the 13 participants 

studied over four sessions in the context of the z-scores of all 29 participants studied on one 

occasion (Figure 6.9). Greater intra-individual variability in contact/flight ratios than length/rate 

ratios was evident (Figure 6.9), with a mean CV of 4.3 to 9.9% and SD of 0.117 to 0.244 in the 

contact/flight ratio across individuals compared with 2.7 to 5.4% and an SD of ≤ 0.052 in the length-

rate ratios (Table 6.3). Even with greater intra-individual variability for the contact/flight ratio, only 

two participants (participants 2 and 3) exhibited SDs considered greater than the smallest 

worthwhile differences (d ≤ 0.20; Hopkins, 2002; Winter et al., 2014). 
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Table 6.3. Stability of the individual strategy of backs over the initial four steps of maximal sprinting across 12 sprint trials (3 sprints conducted on 4 separate 
testing occasions) 

Participants 

  Stability index (%)b   Variability   

 
Ratiosc 

Spatiotemporal 
variablesd 

 CT/FT SL/SR SL SR CT FT 

  CV SD CV SD CV SD CV SD CV SD CV SD 

1 
 75 85  

7.0 0.208 4.3 0.032 4.1 0.048 1.9 0.030 1.8 0.008 6.4 0.010 

2 
 74 89  

7.6 0.222 3.7 0.028 2.4 0.027 2.5 0.038 3.8 0.019 4.8 0.008 

3  71 82  9.9 0.244 5.4 0.046 4.8 0.061 1.7 0.025 2.0 0.009 8.9 0.017 

14  80 86  6.8 0.160 4.7 0.044 3.7 0.049 1.3 0.018 <0.1 0.006 5.7 0.012 

16  82 89  5.9 0.136 4.3 0.046 2.0 0.028 2.7 0.035 3.5 0.018 4.4 0.010 

17  85 87  5.9 0.117 4.2 0.036 3.5 0.042 1.7 0.024 3.0 0.014 3.8 0.009 

19  83 91  6.3 0.136 2.9 0.028 1.8 0.023 1.9 0.026 2.3 0.011 5.4 0.012 

20  81 87  4.3 0.148 5.0 0.052 2.7 0.038 2.5 0.034 2.6 0.015 4.5 0.007 

27  83 91  4.7 0.142 2.7 0.026 2.0 0.026 1.2 0.017 1.6 0.009 4.0 0.007 

11  77 90  8.2 0.194 2.6 0.029 1.7 0.025 1.7 0.022 1.5 0.008 7.0 0.016 

12  80 89  7.6 0.161 3.7 0.039 2.1 0.029 1.8 0.024 2.8 0.014 5.7 0.014 

21  83 89  7.8 0.143 2.8 0.030 2.2 0.031 1.6 0.021 2.2 0.011 6.2 0.017 

26   84 91   4.7 0.134 2.7 0.030 1.7 0.025 1.7 0.022 1.9 0.011 4.1 0.008 

Mean  80 88  6.7 0.165 3.8 0.036 2.7 0.035 1.9 0.026 2.4 0.012 5.5 0.011 

ªStability of the variables for each individual relative to the group standard deviation of the participants, calculated (Maselli et al., 2019) as follows, Sj = 1 - 
(intra-individual SD / inter - individual SD) 

 

CV, coefficient of variation (%); SD, standard deviation for normalised spatiotemporal variables; CT/FT, contact/flight ratio; SL/SR, length/rate ratio; SL, step 
length; SR, step rate; CT, contact time; FT, flight time 
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Figure 6.9. Covariance ellipses (90% confidence level) for the 13 participants who completed 
testing on four separate occasions, depicting the within- and between-participant distribution of 
their individual sprinting strategies. The centre of each ellipse (black markers) represents the 
mean of a given individuals’ contact/flight and length/rate ratios. Each ellipse is colour coded 
according to the clusters of sprinting strategies identified. Z-scores are taken from the original 
data (Figure 6.2a) based on all 29 participants within this study. 

 

 

The length/rate and contact/length ratios were stable at the intra-individual level with the stability 

index of participants ranging between 75 and 85% (Table 6.3), where 0% would represent the 

same variation in intra-individual SD across the 12 sprints for the 13 participants as that observed 

at the inter-individual level for the group of 29 participants during the single testing session. On 

average, the normalised spatiotemporal variables were 8% ‘more stable’ compared with the 

length/rate and contact/flight ratios, where the stability index for participants ranged between 82 

and 91% (Table 6.3). This was also reflected in less intra-individual variability of the normalised 

spatiotemporal variables where the CV ranged between 0.0 and 8.9%, and SD between 0.006 and 

0.061 across individuals. The mean CV for normalised spatiotemporal variables, in order of 

magnitude, were 1.9, 2.2, 2.7 and 5.5% for step rate, contact time, step length, and flight time, 

respectively.  
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6.4 Discussion 
 
6.4.1 Different initial acceleration strategies 

The aims of the study were firstly to establish whether different acceleration strategies existed 

between sub-groups of professional rugby union backs based on their combined normalised 

spatiotemporal variables and, if so, secondly, to determine the technical features and strength 

qualities that underpin these strategies and how stable they are. With this novel approach, it was 

found that participants could be grouped into four clusters which were characterised by a range of 

technical features and, to a lesser extent, strength qualities, although superior sprint performance 

was not observed in any single cluster during the first four steps. At the intra-individual level, 

strategies remained relatively stable across sprint efforts and can be considered specific to the 

individual. 

 

If changing an individual’s whole-body kinematic initial sprint acceleration strategy is deemed 

favourable, then information on features characterising the different clusters will help inform this 

process. A change in whole-body kinematic strategy does not necessarily refer to a move from one 

cluster to another (Figure 6.1a). Rather, it is likely indicative of a subtle change in strategy within a 

given cluster, depending on the stability of the individual’s strategy and the proximity of their ellipse 

centroid (Figure 6.9) to other clusters. Significant differences were evident in step length and step 

rate between clusters, which determined the magnitude of their length/rate ratio. How these step 

length and step rates were achieved, though, differed between clusters of similar length/rate ratios. 

For instance, participants in clusters B and C produced similar step lengths but reached these 

through greater flight lengths (cluster B) or contact lengths (cluster C). Furthermore, to achieve 

similar step rates, the participants in cluster B used shorter contact times, whilst those in cluster C 

produced shorter flight times. These findings outline the different options available for altering step 

length and step rate through manipulation of their constituent variable.  

 

6.4.2 Consistency in macro, but not micro system behaviour 

Although noticeable differences in normalised spatiotemporal variables and linear kinematics 

between clusters were evident, the differences observed in the angular kinematics at touchdown 

and toe-off (Figures 6.4 to 6.6) were less clear. This further illustrates the levels of inter-individual 

degeneracy which exist during the initial sprint acceleration of rugby backs, not only in context of 

the different whole-body kinematic strategies used in reaching the same performance outcome, but 
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also how different arrangements in angular kinematics are observed with similar normalised 

spatiotemporal variables. When looking to facilitate changes in whole-body acceleration strategy, 

attempts to do so by explicitly coaching changes in segmental and joint angular positions to 

manipulate the desired normalised spatiotemporal variables associated with a given strategy must 

be considered with caution. There is also a risk that detailed information on limb positioning may 

result in coaching instructions that draw an athlete’s attentional focus internally (Porter et al., 2010) 

and interfere with self-organisation processes, resulting in a negative performance effect (Wulf, 

2013). Consequently, practitioners would be advised to consider using a more externally focussed 

approach with a view to facilitating changes in acceleration strategy directly or indirectly through 

manipulating the spatiotemporal variables or linear kinematics. 

 

6.4.3 The potential influence of strength qualities on acceleration strategies 

Similar to the lack of differences in the angular kinematics between clusters, strength 

characteristics were also generally comparable between clusters with the exception of the hip 

extensor torque/contact time ratio which was significantly higher in clusters A and B than C and D. 

This combined strength feature may have resulted in participants in clusters A and B self-

organising their segment orientations at touchdown (Figure 6.4) and linear kinematics (Figure 6.3) 

in a favourable way to yield shorter contact times compared with clusters C and D (Figure 6.2c), 

without sacrificing performance. On this basis, different strength characteristics of the participants 

in clusters C and D appeared to interact to produce alternative strategies (e.g., greater step length 

through increased contact length and/or flight length) to the participants in clusters A and B to 

maintain comparable levels of acceleration performance. Owing to the time-course necessary for 

eliciting either neuromuscular (Baroni et al., 2013; Brown et al., 2017; Moritani & deVries, 1979; 

Rasmussen & Phillips, 2003) or technical (Bezodis et al., 2018) adaptations through strength-

based interventions, more direct instructional methods to manipulate spatiotemporal variables will 

likely yield faster acute changes. However, for changes in spatiotemporal variables to emerge 

without conscious effort, and for the outcome to be effective, the corresponding physical changes 

which accompany these technical manipulations will likely be necessary so that the desired 

sprinting action is available to an individual (Fajen et al., 2008; Michaels, 2003). 
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6.4.4 Acceleration strategies are stable at the intra-individual level 

For the participants who completed 12 sprint trials on four separate occasions, the normalised 

spatiotemporal variables and their ratios were highly reliable within and between testing sessions, 

(Table 6.2). As a result, the strategies identified for individuals are representative of their actual 

strategy at the given time of testing. Although intra-individual movement variability is an inherent 

feature of human movement (Newell & Ranganathan, 2009; Preatoni et al., 2013), the stability 

indices (Table 6.3), covariance ellipses (Figure 6.9), and CVs (Table 6.3) demonstrate consistent 

individual spatiotemporal variables with respect to the inter-individual variability. Greater variability 

was evident in the contact/flight ratio (mean CV, 6.7%; mean SD, 0.165) than the length/rate ratio 

(mean CV, 3.8%; mean SD, 0.036), as illustrated by the typically greater dimensions of the 

covariance ellipses in the x-axis (Figure 6.9). The higher contact/flight ratio CV is primarily due to 

variability in flight time than in contact time. Further work is needed to explore the potential 

implications of how the variation of these measures associate with changes in acceleration 

performance of athletes at an individual level. These measures provide a means to determine each 

individual’s inherent variability so that meaningful changes in acceleration strategies can be 

detected with certainty in response to training interventions. Given the stability of strategies evident 

across the four separate testing sessions, these data can be collected on separate occasions, 

rather than during a single session, to eliminate any potential effects of fatigue. 

 
The novel approach used in this study to establish a single measure which represents an 

individual’s whole-body kinematic initial sprint acceleration strategy (Figure 6.1a), can be 

performed reliably at a given point in time, as indicated by the low CVs observed for the length/rate 

and contact/flight ratios (Table 6.1). Whilst the hierarchical clustering approach was first required to 

determine whether discrete clustered strategies or a widespread continuum of strategies existed, 

the combined length/rate and contact/flight ratios as a whole-body kinematic measure, represented 

by a single data point on a quadrant, provides a way for practitioners to assess changes in 

acceleration whole-body kinematic strategies over time. However, deciding on what changes could 

be used to enhance acceleration performance is not straightforward, as no significant relationships 

were found between NAHEP and any normalised spatiotemporal variables or their ratios (Table 

6.1) and there were no significant differences in NAHEP between clusters of participants (Figure 

6.1). These findings suggest that different technical strategies can be adopted to achieve similar 

performance outcomes during the initial steps, which may explain the inconsistent findings between 
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Chapters 3 and 4 (i.e., differences in the magnitude of the relationship between toe-off distance 

and NAHEP) as well as the general lack in meaningful relationships between variables in isolation 

and NAHEP in Chapters 3 to 5. It may also explain why the findings from previous research 

investigating the relative importance of isolated spatiotemporal variables to acceleration 

performance in team sport players has also been inconsistent (e.g., Lockie et al., 2011; Lockie et 

al., 2013; Murata et al., 2018; Murphy et al., 2003; Nagahara et al., 2018a; Standing & Maulder, 

2017).  

 

The findings reported in this study suggest that a single optimum technique does not exist during 

initial sprint acceleration in rugby backs and so efficacy of technique strategies ought to be 

considered at the individual level to inform sprint training practices. This would require selected 

variables to be measured over multiple trials for each individual and considered with the 

performance outcome measure across each trial (Glazier & Mehdizadeh, 2018). Consequently, 

practitioners could determine how changes in whole-body kinematic strategies, in addition to 

athlete’s spatiotemporal variables in isolation, are associated with NAHEP to determine which 

variables an individual may be reliant on for better acceleration performance. For instance, for an 

individual who is step rate reliant (i.e., they achieve higher NAHEP when their length/rate ratio is 

typically lower), it would be possible to determine whether their higher step rates are achieved 

through a reduction in contact or flight time, or a combination of both. This information may provide 

a more focussed direction for a practitioner’s speed training interventions when looking to target the 

normalised spatiotemporal variables an individual’s acceleration performance is reliant on, although 

experimental research is required to determine the effectiveness of this approach (see Chapter 7).     

    

Reliance on step length or step rate has been shown to be a highly individual occurrence in elite 

sprinters when considered across the whole 100 m sprint (Salo et al., 2011). Salo et al. (2011) 

proposed that this individual reliance should be considered in the context of an athlete’s training 

and that the step characteristics they are reliant on for better sprinting performance ought to be 

prioritised. The added advantage of monitoring an individual’s whole-body kinematic strategy, in 

addition to their normalised spatiotemporal variables in isolation, is that a more holistic view is 

provided that takes into account how the combination of all normalised spatiotemporal variables 

collectively change in relation to changes in acceleration performance. Interventions can then be 

implemented to enhance the variables associated with an individual’s reliance to increase their 
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acceleration performance or, at least, to ensure they are able to consistently produce a high 

performance in this phase relative to their individual capabilities. 

 

6.5 Chapter summary 
 

Collectively, the findings from this study have demonstrated that the normalised spatiotemporal 

variables and the length/rate and contact/flight ratios can be used to reliably portray acceleration 

strategies. Using this novel approach, four clusters of professional rugby backs were identified 

according to the similarity of their normalised spatiotemporal variables, but acceleration 

performance did not differ significantly between clusters. This implies that a single optimal strategy 

does not exist during initial sprint acceleration and therefore the efficacy of technique strategies 

used ought to be considered at the individual level to inform sprint training practices. At the intra-

individual level, the variables which portray the individual strategies of participants remained 

consistent relative to the inter-individual variability observed. The approach employed in this study 

provides a new solution for longitudinally monitoring changes in an individual’s whole-body 

acceleration strategy to accurately detect any changes in response to influencing factors (e.g., 

training interventions, fatigue, training load and rehabilitation from injury). 
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CHAPTER 7: USING INDIVIDUALLY PRESCRIBED TRAINING INTERVENTIONS TO 

ENHANCE THE SPRINT ACCELERATION PERFORMANCE OF PROFESSIONAL RUGBY 

UNION BACKS: INSIGHTS FROM MULTIPLE CASE STUDIES 

 

7.1 Introduction  

Chapters 3-6 have provided empirical evidence that a single optimum technique does not exist for 

professional rugby backs during initial acceleration. This was shown through inter-individual 

differences in movement strategies and the trivial differences in sprint acceleration performance 

observed between groups of rugby backs who adopted different strategies. Therefore, to inform 

their sprint practices, it was proposed that practitioners should consider measuring selected 

technical features over multiple trials, determine how these features are associated with sprint 

performance within an individual, and use this information to develop individual-specific training 

programmes. However, no research to date has investigated this approach during initial 

acceleration or used the resulting information to apply individual-specific interventions aimed at 

enhancing the sprinting performance of athletes. Consequently, investigating these associations 

and longitudinally assessing changes in acceleration technique and performance of professional 

rugby union backs in response to interventions based on their individual needs would clearly be of 

value to practitioners working in rugby union.  

 

Spatiotemporal variables (step length, step rate, contact time and flight time) were identified in 

Chapter 6 as appropriate technical features of rugby backs to longitudinally measure during initial 

acceleration for three principal reasons: 1) they can be obtained promptly, which is important in an 

applied setting for data to be actionable; 2) they can be obtained reliably for individuals across 

multiple sprint trials (CV < 6.5%; Table 6.3), thus meaningful changes can be detected with 

assurance; 3) they represent the movement outcomes of sprinting and can be used to alter 

technical features from an externally focussed perspective (e.g., Bezodis et al., 2017; Winkelman, 

2018). However, despite these potential benefits, spatiotemporal data of athletes during sprinting 

are seldom reported across multiple timepoints in the literature.  

 

The longitudinal spatiotemporal data which does exist within published research is typically based 

on the step length and step rate of sprinters during the maximum velocity phase. For instance, 

across a five-month period, four elite sprinters were found to achieve large and meaningful 

increases in mean step velocity during the maximum velocity phase, typically when mean step rate, 
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but not mean step length, was higher during training (Bezodis et al., 2018). However, elite sprinters 

have also been shown to individually rely on either step length or step rate (or neither variable) for 

better sprinting performance during competition when their step variables were averaged over the 

entire 100 m of multiple races (Salo et al., 2011). These findings highlight value in determining how 

step length and step rate are individually associated with sprinting performance and suggest that 

intentionally attempting to enhance, or, at least, prevent a negative effect on, the variable athletes 

are individually reliant on for better sprinting performance is important. However, it remains to be 

seen how interventions which target the variables athletes are individually reliant on would affect 

their technique and sprinting performance. Furthermore, whilst spatiotemporal variables can be 

obtained in a timely manner from two-dimensional video images across the initial steps, using the 

same video-based approach to calculate NAHEP - the measure of initial acceleration performance 

in this thesis - requires digitising multiple segment endpoints to determine whole-body centre of 

mass at touchdown and toe-off. A more practical solution to measure initial acceleration 

performance longitudinally in response to changes in an athlete’s spatiotemporal variables may 

also be of benefit in the applied setting. 

 

In Chapter 6, a framework was developed for practitioners to measure individual whole-body 

kinematic strategies, depicted by the spatial location of cartesian coordinates for rugby backs 

formed by the combination of their length/rate and contact/flight ratios (Figure 6.1). Monitoring an 

individual’s whole-body kinematic strategy in this way, which incorporates contact time and flight 

time variables in addition to step length and step rate, may be used to provide a more detailed view 

by accounting for how these spatiotemporal variables in their dimensionless form collectively and 

individually change in relation to changes in initial acceleration performance. This is consistent with 

ecological dynamics and constraints led approaches where information on human movement 

behaviour is considered more holistically.  

 

Therefore, the aims of the study reported in this chapter were to, first, investigate within-individual 

associations between the acceleration performance and technical features of rugby backs and, 

second, to understand how the technique and sprint performance of these athletes change 

longitudinally when individual-specific interventions based on this information are applied. There 

were two main research questions to address the aims of the study: VII - What are the within-

individual relationships of whole-body kinematic strategies and normalised spatiotemporal variables 
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with the initial acceleration performance of professional rugby backs during the first four steps? – 

and VIII - How do longitudinal individual-specific training interventions that focus on the variable(s) 

which specific professional rugby backs are reliant upon for better sprint performance affect their 

acceleration capabilities? 

 

To determine whether an alternative acceleration performance measure to NAHEP could be used, 

thus providing practitioners in the applied setting with timesaving way to obtain information to 

inform their sprint training interventions, a final research question was proposed: IX: How closely 

can the within-individual relationships of whole-body kinematic strategies and normalised 

spatiotemporal variables with NAHEP, and the within-individual changes of these variables 

following individual-specific training interventions be replicated using a more practical performance 

measure than NAHEP? 

 

7.2 Methods 

7.2.1 Participants 

Data from 35 professional rugby union backs (mean ± SD: age 25 ± 3 years; stature 1.81 ± 0.06 m; 

leg length 1.00 ± 0.05 m; body mass 93.0 ± 8.5 kg) competing in the English Premiership were 

analysed in this study. Since these data were pre-existing from the testing conducted as part of the 

rugby players’ usual training schedule, and were anonymised, informed consent was not required 

(Haugen et al., 2019b; Winter & Maughan, 2009). As explained later in this section, data from 

Chapter 6 were used in this chapter. For new data obtained in this chapter, ethical and/or 

governance review was not deemed as required after completing the University of Surrey Self-

Assessment Governance and Ethics form for Humans and Data Research (SAGE-HDR). At the 

time of testing, participants were free from injury and frequently completed maximal sprint 

accelerations within their usual weekly training regime. 

 

7.2.2 Procedures 

The research in this chapter was conducted in three stages (Table 7.1), which will be referred to 

hereafter to clarify the different parts of the research. In Stage 1 during the baseline period, 

normalised spatiotemporal variables, whole-body kinematic strategies (length/rate and 
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contact/flight ratios) and NAHEP were obtained from all participants over the first four steps of 

three sprints on a single testing occasion. These data were based on the 29 participants in Chapter 

6 and six additional participants. To address research question IX, a second acceleration 

performance measure (5 m time) was also determined, in Kinovea (v.0.8.27) analysis software, for 

all 35 participants. This was defined as the time from the first frame the toe of participants’ back 

foot visibly lifted off the ground at the start until the frame their mid hips passed the 5 m mark, 

based on the method used by Healy et al. (2016). The 5 m distance was selected because it is 

commonly used to measure initial acceleration performance in an applied setting (Bracic et al., 

2011; Chelly et al., 2010; Cronin & Hansen, 2005; Marques et al., 2011; Zabaloy et al., 2020) and, 

in the current study, it represented a large percentage of the distance covered by participants from 

the start until completion of their fourth steps (mean ± SD: 81 ± 6%). 

 

In Stage 2 during the baseline period (Table 7.1), the same testing was conducted for 19 of the 35 

participants on three further occasions. This resulted in all variables being measured for these 

participants for twelve sprints during a baseline testing period (Stages 1 and 2) in pre-season over 

six weeks (i.e., 3 sprint trials on 4 separate occasions). This data set was based on 13 of the 

participants in Chapter 6 and the six participants added to the wider group of 35 participants in this 

chapter. The data obtained during the baseline period (Stages 1 and 2) were used to determine 

whether these 19 participants were individually reliant on step length or step rate (Salo et al., 2011) 

for better sprint performance, and how contact and flight times and whole-body kinematic strategies 

were also related to acceleration performance.  

 

Thirteen of the 19 participants were then randomly selected to be studied over 18 weeks of training 

during the in-season (Stage 3, Table 7.1). At the onset of this period, five participants were 

designated as controls, whilst eight participants were each given an individual-specific intervention 

based on their own needs as determined from the data obtained during the baseline period (Stages 

1 and 2). Due to injury and/or changes to training schedules, five participants were unable to fully 

complete the training period (Stage 3), reducing the number of control participants and those who 

completed an individualised intervention to three and five, respectively. All participants had a 

minimum of three years’ professional senior rugby experience and a minimum of five and two years 

of strength and sprint training experience, respectively. Three participants also had senior 

international caps.  
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Table 7.1. An outline of the different stages in the study 
  
Period Baseline   Intervention 

Duration  

 
6 weeks 

  

 18 weeks 
  

Stage 1 
 
 
 

2 
 
 
 

3 

No. 
participants 

35   19   8ª 

 
Testing 
undertaken 

 
Sprint testing for 
all participants on 
a single testing 

occasion (3 
sprints) 

 
 

Sprint testing for all 
participants on 3 

further occasions (3 
sprints on 3 

separate 
occasions) 

 
 

Sprint testing for 
all participants on 
weeks 7, 10, 13 

and 15-18 (3 
sprints on each 

occasion)  
 

Strength-based 
testing on a 

single testing 
session for 25 

participants 
(Chapter 5) 

    

 
 
Data obtained 

 
 

Normalised 
spatiotemporal 

variables, whole-
body kinematic 
strategies and 
acceleration 
performance 

measures 
(NAHEP and 5 m 

time) 

 

 
 

Normalised 
spatiotemporal 

variables, whole-
body kinematic 
strategies and 
acceleration 
performance 

measures (NAHEP 
and 5 m time) 

 

 
Normalised 

spatiotemporal 
variables, whole-
body kinematic 
strategies and 
acceleration 
performance 

measures 
(NAHEP and 5 m 

time) 

  

 
 
 

Touchdown and 
toe-off angular 
kinematics and 
strength-based 
variables for a 

single participant 
(S1)ᵃ 

     

Touchdown and 
toe-off angular 
kinematics and 
strength-based 
variables for a 

single participant 
(S1)ª 

 
  

 

ª13 participants were originally given an individual-specific intervention (5 controls, 8 intervention). Due to 
drop out, numbers decreased to 8 participants (3 control,4 technical intervention and 1 strength 
intervention) 

 

 

In Stage 3, the control group underwent their usual training regime over the 18-week period (Stage 

3, Table 7.1). Four participants who were given a technical intervention completed the same 

training as the control participants. However, when completing sprint efforts during speed training 

sessions and warm-ups for rugby training and matches, they focussed on technical features found 

to individually relate to better sprinting performance (determined from the baseline testing period). 

They were not given instructions to focus on these technical prompts during matches or in the main 
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component of rugby training sessions. One participant (S1) completed the same sprint training as 

all other participants (without any technical focus during these sprints), but a different strength 

programme. The strength programme for this participant was informed by strength scores they 

achieved in the repeated jump, hip torque and squat jump profiling tests during the baseline testing 

period (Stage 1, data from Chapter 5) and relationships observed between strength-based 

measures and sprint technical variables found in Chapters 5 and 6. The strength qualities relating 

to sprint variables which the participant was identified as being reliant on for better sprinting 

performance during the baseline period (Stages 1 and 2) formed the focus of their strength 

programme. Touchdown and toe-off angular and linear kinematics for this participant in the 

baseline testing phase (Stage 1, data from Chapter 5) were also analysed so that a comparison of 

these technical features could be made for this participant following the intervention.  

 

The timeline for interventions in Stage 3 and the type and number of training sessions undertaken 

during the different phases of the intervention period are shown in Figure 7.1. The total number of 

sprints recorded for each training phase for each individual included those which took place during 

speed training sessions and during warm-ups prior to rugby training sessions and matches, as well 

as those completed during rugby training and matches. On average, approximately six maximal 

sprint efforts were undertaken during speed training sessions and four maximal sprint efforts were 

completed during warm-ups prior to rugby training sessions and matches over distances of 

approximately 10 to 40 m. During rugby training and matches a sprint was determined using the 

GPS (Catapult Sports, 10 Hz) outputs in OpenField Cloud Analytics software when the threshold of 

80% of a player’s maximum velocity was exceeded. Although no evidence-based 

recommendations exist for an appropriate threshold, it is common practice in professional rugby 

union clubs and therefore provided an appropriate and objective way to measure the number of 

sprints completed during matches. A full description of the training undertaken by participants is 

provided in Appendix G (Figures F.1 to F.3).  
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Figure 7.1. Stage 3 (intervention) timeline and the type and number of sessions completed by 
participants. The total number of sprints shown for each participant include those completed 
during speed sessions and warm-ups before rugby training and matches (left side of the forward 
slash) and those completed during rugby training and matches, considered when participant’s 
velocity was above 80% of their maximum velocity capability, derived from GPS outputs (right 
side of the forward slash). Individuals (in grey) above the dashed line formed the control 
participants. Participants underneath the dashed line underwent strength (orange) and technical 
(blue) based interventions. Red shaded weeks represent the baseline period and weeks in which 
sprint testing occasions took place during the intervention and final testing periods. 
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Following the initial baseline period in which data from 12 sprints were collected across a six-week 

period for all participants (Table 7.1, Stages 1 and 2), normalised spatiotemporal variables, whole-

body kinematic strategies, NAHEP and 5 m time were obtained from all participants during three 

sprint trials on three separate occasions (weeks seven, 10 and 13 during Stage 3 (intervention 

period) – see red weeks in Figure 7.1). The same data for all participants were collected on a 

further three to four occasions (10 to 12 sprint trials in total) across the final four weeks of the 

intervention in Stage 3 (Phase 5, Figure 7.1) so that any changes in these variables could be 

compared appropriately to baseline testing. The angular and linear kinematics and strength-based 

variables were also obtained on a single occasion for participant S1 (strength intervention) during 

the final phase (Phase 5) of the intervention in Stage 3. The methods and conditions under which 

sprint and strength data were collected were the same across all testing sessions. 

 

To provide a focus for the participants given an individualised technical intervention, holistic cues or 

analogies were self-generated by participants during an exploratory session prior to the 

intervention period in Stage 3, resulting in technical prompts to use in the ensuing intervention 

(Figure 7.1). During this exploratory session, the results of the initial baseline testing (Stages 1 and 

2), and their implications, were first explained individually to participants by the coach leading this 

session. The coach was also the lead researcher who was an accredited strength and conditioning 

coach (UKSCA), an athletics coach (level 2, British Athletics) and had > 20 years’ experience 

coaching athletes. The concept of using holistic cues or analogies as technical prompts to help 

direct attention during sprinting was also explained to participants (Abedanzadeh et al., 2021; 

Winkelman, 2018; Winkelman & Coyle, 2020). 

 

Following a warm-up, participants were asked to spend five to ten minutes by themselves 

practicing 10 m sprint efforts (n = 3-4) in which they focussed on targeting the variable(s) they were 

primarily and secondarily (Table 7.2) found to individually rely on for better sprinting performance 

during the first four steps, which also underpinned the association between a change in Cartesian 

plane spatial location of their whole-body kinematic strategy and acceleration performance (this 

process is described later in this section). They were also asked to reflect on how this technical 

change felt (physically) to them and to try and verbalise this feeling through the use of a holistic cue 

or analogy as a technical prompt when sprinting. Participants then reported back to the coach with 

their self-generated holistic cue or analogy and completed six 10 m sprints alternating between no 
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focus of attention and using their technical prompts. Normalised spatiotemporal variables were 

collected during each of these sprints to compare these variables independently and collectively 

(whole-body strategies) between the no focus and technical focussed efforts to check that the 

desired changes in participants’ technical features were being achieved. 

 

  

Table 7.2 Self-generated technical prompts, for participants given a technical intervention, 
during initial acceleration according to the variables underpinning the changes in whole-body 
strategy associated individually with better sprinting performance in this phase 
  

Participant 
Primary 
relianceª 

Secondary 
relianceᵇ 

Intended 
Cartesian 

plane 
direction 

shiftᶜ  

Technical 
prompt 

Prompt context for intended direction 
shift in whole-body strategy 

 
T1 

 
 
 
  

Step rate 
 
 

  

 
Flight 
time 

 
 
 
  

 
SE 

 
 
 
  

 
"Skate" 

 
 
 
  

Participant explained the feeling of 
increasing their step rate primarily 
through a reduction in flight time as "fast 
skating". That is, it felt like they were 
skating over the ground with each step.  

 
T2 

 
 
 
 
 
 
 
  

Contact/flight 
 
 
 
 
 
 
  

Step 
length 

 
 
 

 
 
 
  

 
NE 

 
 
 
 
 
 
 
  

 
"Glide" 

 
 
 
 
 
 
 
  

 
Participant explained the feeling of 
increasing their step length whilst 
increasing contact/flight ratio as 
"gliding". The typical flat trajectory of a 
hang-glider was used to describe the 
feeling the participant had with a flatter 
centre of mass trajectory in sprinting 
likely resulting from the combination of 
longer contact times and shorter flight 
times in a step (i.e., a higher 
contact/flight ratio)  

 
 

T3 
 
 
  

 
Length/rate 

 
  

 
 

Step 
length 

 
 
  

 
 

N 
 
 
  

 
 

"Float" 
 
 
  

 
Participant explained the feeling of 
increasing their step length as "floating". 
 
  

 
T4 

 
 
  

Step rate 
 
  

 
Contact 

time 
 
 
  

 
SW 

 
 
  

"Ra-ta-ta-ta" 
 
  

Participant explained the feeling of 
increasing their step rate primarily 
through a reduction in contact time 
audibly with a noise reflecting the sound 
of a machine gun. 
  

 

ªVariable most related to acceleration performance (up and down arrows represent whether an increase or decrease in 
the variable is associated with acceleration performance) 
 

ᵇVariable second most related to acceleration performance 
 

ᶜThe Cartesian plane shift depicts the intended Cartesian plane spatial location change in the whole-body strategy of 
participants related to their initial acceleration performance (see explanation below, also Figure 7.2 and Appendix H)  
 

SE = south-east; NE = north-east; N = north; SW = south-west 
  

 

 

The self-generated technical prompts for participants are shown in Table 7.2. The intended 

changes in Cartesian plane spatial location of their whole-body kinematic strategies were 

expressed as directions on a 16-point compass, determined according to the magnitudes of the 

relationships observed between each ratio (length/rate and contact/flight) and NAHEP during 

Stages 1 and 2 of the baseline period (see Figure 7.2 showing the results of this analysis for a 
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single participant). For instance, a meaningfully positive relationship (defined in section 7.2.3) 

between the length/rate ratio and NAHEP for an individual would denote a favourable shift 

northward on the Cartesian plane (i.e., higher NAHEP is achieved with a larger length/rate ratio). 

This is evident in the example of participant 33 in Figure 7.2 where larger marker sizes 

representing higher magnitudes of NAHEP are typically larger more northwards on the Cartesian 

plane. A meaningfully positive relationship between the contact/flight ratio and NAHEP would 

denote a favourable shift eastward on the Cartesian plane (i.e., higher NAHEP achieved with a 

larger contact/flight ratio). This is evident in Figure 7.2 where marker sizes are typically larger more 

eastwards on the Cartesian plane. If the difference between the magnitude of these relationships is 

trivial (r < 0.1), then collectively the intended favourable direction shift would be represented by an 

intercardinal direction (north-east in this example).  

 

If both ratios are meaningfully related to NAHEP, but the difference between the magnitudes of the 

relationships is considered at least small (r ≥ 0.1) then the cardinal direction signifying the intended 

shift in strategy would result in a ‘half-wind’ (i.e., direction points obtained by bisecting intercardinal 

directions yielding 16 direction categories each 22.5° from its nearest neighbours) oriented more 

towards the relationship of a higher magnitude. For example, for participant 33 (Figure 7.2) the 

within-participant relationships of the length/rate and contact/flight ratios with NAHEP were r = 0.45 

and 0.77, respectively (i.e., both relationships are meaningful, but the difference between the 

magnitudes of these relationships is r > 0.1), thus the resultant intended direction shift for this 

individual would be the half-wind ENE. For participant S1 (strength intervention), the intended 

technical change was informed by the relationships between normalised spatiotemporal variables 

in isolation and NAHEP, since a meaningful relationship between their whole-body kinematic 

strategy and NAHEP was not found.      
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Figure 7.2. An example whole-body kinematic strategy (a) for a random participant (P33). Each 
marker depicts a single sprint, with marker sizes reflecting acceleration performance (a larger marker 
size equates to greater NAHEP). Where whole-body kinematics are meaningfully related to NAHEP, 
the theoretical favourable Cartesian plane spatial location change in strategy for better sprint 
performance is included as a compass bearing. Relationships (with 90% confidence intervals) of 
their whole-body kinematic strategy, normalised spatiotemporal variables and length/rate and 
contact/flight ratios with NAHEP and 5 m time are also shown (b). For clarity, to aid comparisons 
between relationships of NAHEP and 5 m time with variables, the direction of relationships between 
5 m time and variables has been inverted. Black filled makers depict relationships r ≥ 0.43 and 
asterisks indicate that relationships are statistically significant (p = < 0.05)   
 

WB = whole-body kinematic strategy; SL/SR = length/rate ratio; CT/FT = contact/flight ratio; SL = step length; 
SR = step rate; CT = contact time; FT = flight time 

 

 

The technical prompts were used by the participants undertaking the technical intervention 

throughout Stage 3 during the intervention period, apart from the final phase of testing (Phase 5, 

Figure 7.1). During phases 1 and 3 of the intervention during Stage 3 (Figure 7.1), contrasting 

technical training was undertaken. That is, during speed training sessions or warm-ups before 

rugby training and matches, participants alternated between sprinting with no focus and sprinting 

by focussing on their technical prompts during the first four steps. This is similar to the “old 

way/new way” proposed by Lyndon (1989) in the non-sport school learning environment as a way 

of practising that reduces the mental interference from established habit patterns and consequently 

accelerates learning and improves performance. This approach has since been reported as 

successful in a case study investigation with an Olympic sprinter and a javelin thrower where the 

athletes’ habitual techniques were contrasted with new more favourable ones (Hanin et al., 2002). 

During phases 2 and 4 of the intervention period in Stage 3, participants were asked to focus only 

on their technical prompts and shift in sprinting strategy over the first four steps, thus attempting to 

remove the interference of their existing habitual technique altogether. During the final phase (5) in 

Stage 3 (and during any data collection sessions throughout the intervention) participants were 
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asked not to focus on anything and to try and cover the sprint distances in as fast a time as 

possible. The control participants and participant S1 (strength intervention) were asked to focus 

only on covering sprint distances in as fast a time as possible throughout the intervention period in 

Stage 3 during training and testing. 

 

Control participants and those who were given an individualised technical intervention followed the 

same strength-based training across the intervention period during Stage 3 (see Figure G.2, 

Appendix G). During baseline testing (Stage 1), participant S1 (strength intervention) was found to 

be reliant on higher step rate for better sprinting performance, which was underpinned primarily by 

achieving shorter contact times (Figure H.2, Appendix H). Meaningful and statistically significant 

relationships were observed between these technical features and several strength qualities in 

Chapter 5 (Table 5.2). In Chapter 5 shorter contact times in sprinting were achieved by participants 

who produced shorter repeated jump contact time, greater hip torque and repeated RSI, and larger 

torque/contact time ratios (r = -0.55 to -0.42; p ≤ 0.05). Shorter repeated contact times (higher 

vertical stiffness) during strength testing were also associated with shorter contact times (r = 0.43; 

p ≤ 0.05) and higher step rate (r = -0.43; p ≤ 0.05) during the first four steps of acceleration. The 

strength-based scores participant S1 achieved in Stage 1 of the baseline period (Table 7.1) 

suggested they were limited in these physical capacities and therefore that there was scope for 

meaningful changes in these features. For instance, they achieved the second lowest repeated 

jump height and second longest repeated jump contact times, which combined to produce the 

lowest repeated RSI. They also achieved the second lowest hip torque score and lowest 

torque/contact time ratio of the 25 participants who undertook strength-based testing in Chapter 5. 

Collectively, this reflected comparatively poor hip extensor maximum strength, vertical stiffness and 

lower limb reactive strength capabilities. Therefore, participant S1’s strength-based programme 

was designed to address these strength deficiencies to facilitate a technical strategy resulting in 

shorter contact times and higher step rates during initial acceleration. 

 

The strength programme for participant S1 (detailed in Figure G.2, Appendix G) during intervention 

(Stage 3, Figure 7.1) aimed to enhance their vertical stiffness and lower limb reactive strength by 

incorporating specific isometric-based training and a higher volume of plyometric training, since 

training approaches adopting these exercises have been shown to enhance muscle-tendon 

stiffness qualities and stretch-shortening cycle performance (e.g., Foure et al., 2010; Kubo et al., 
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2017, Lum et al., 2021; Moran et al., 2021; Yata et al., 2006). The programme also aimed to 

enhance participant S1’s hip extensor maximum strength ability by using exercises in which a 

greater extensor demand is placed on the hip compared with the knee and ankle (e.g., Brazil et al., 

2021) and loading protocols recommended for maximum strength development (Androulakis-

Korakakis et al., 2020). 

 

7.2.3 Statistical analyses 

In Stage 1 of the baseline period (Table 7.1) data for normalised spatiotemporal variables and 

NAHEP were averaged over four steps and then averaged again over the three sprint trials for 

each of the 35 participants, consistent with the approaches used in Chapters 4-6. This approach 

was also taken for 5 m time. The mean ± SD 5 m time, NAHEP, normalised spatiotemporal 

variables and the length/rate and contact/flight ratios for the 12 sprints completed by each of the 19 

participants who completed sprint trials on four separate occasions during Stages 1 and 2 of the 

baseline period (Table 7.1) were reported individually. All group and intra-individual descriptive 

data (mean ± SD) were calculated for all variables and checked for normal distribution using the 

Shapiro-Wilk statistic. 

 

To assess the consistency of 5 m time, group and intra-individual coefficients of variation (CV) 

were measured. In Stage 1 of the baseline period the 5 m time within-participant CV for each of the 

35 participants across their three sprint trials were calculated and the average of these across the 

entire group was then determined to provide the group level CV, using the same approach as 

Chapters 5 and 6. For the 19 participants who completed sprint trials on four different occasions 

during Stages 1 and 2 of the baseline period (Table 7.1), the 5 m time CVs for each participant 

across their twelve sprint efforts were reported individually. The same approach was taken to 

determine the intra-individual CVs for NAHEP, normalised spatiotemporal variables and the 

length/rate and contact/flight ratios.  

 

The strength of group and within-individual relationships between NAHEP and 5 m time, and their 

confidence intervals (90%), were determined using Pearson coefficient correlations. A group level 

correlation was based on the mean NAHEP and 5 m time achieved by each of the 35 participants 

(Table 7.1, Stage 1) in their initial three sprint trials. The intra-individual correlations were also 

determined individually for the 19 participants across their 12 sprint trials during baseline testing 
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(Table 7.1, stages 1 and 2), and these relationships were then averaged across those participants 

to provide the mean intra-individual correlation for this sub-group.  

 

The whole-body kinematic strategies and distribution of these strategies for the 19 participants in 

the sub-group (stages 1 and 2) were determined using the same approaches as used in Chapter 6, 

although participant z-scores were calculated based on the larger group (n = 35) from Stage 1 

(Table 7.1) in the current analysis. Pearson’s or Spearman rank (non-parametric data) correlation 

coefficients were used to measure the strength of intra-individual relationships (90% confidence 

intervals) of normalised spatiotemporal variables and the length/rate and contact/flight ratios with 

initial acceleration performance across their 12 sprints. Correlations were also used to determine 

the intra-individual relationship between participants’ whole-body kinematic strategies (combination 

of the length/rate and contact/flight ratios) and sprint performance. Relationships were deemed 

meaningful where the magnitude of the observed relationship was greater than the smallest 

clinically important correlation (Hopkins, 2007), equating to a value of r ± 0.43. Relationships were 

deemed unclear if their magnitude was within this threshold (-0.43 < r < 0.43). The strength of 

relationships was defined as: (±) < 0.1, trivial; 0.1 to < 0.3, small; 0.3 to < 0.5 moderate, 0.5 to < 0.7 

large, 0.7 to < 0.9 very large and ≥ 0.9, practically perfect (Hopkins, 2002). 

 

To check the technical prompts used by participants undergoing an intervention in Stage 3 (Figure 

7.1) were facilitating the intended technical changes, effect size differences (Cohen’s d) between 

relevant variables obtained during sprints completed with and without a technical focus were 

determined. Differences between variables were deemed meaningful when effect sizes were larger 

than 0.2 (smallest worthwhile difference; Hopkins, 2002) and when the absolute differences (%) 

were greater than intra-individual CVs obtained for the selected variable, as identified during the 

initial baseline testing period. The magnitude of changes in whole-body strategies were measured 

by the Euclidean distance between the spatial locations of their centroid cartesian coordinates as 

follows: 

𝑑(𝑥, 𝑦) = √(𝑥1 − 𝑥2)2 + (𝑦1 − 𝑦2)2    

 

During the intervention (Stage 3, Figure 7.1), effect size differences (Cohen’s d) were used to 

determine the magnitude of the pairwise differences in mean ± SD NAHEP, 5 m time, normalised 

spatiotemporal variables and the length/rate and contact/flight ratios between all testing occasions. 
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A sequential estimation technique was applied during the baseline period (stages 1 and 2) to 

identify the minimum number of sprint trials necessary to establish a stable mean for each 

kinematic variable and participant. This was deemed necessary to provide confidence in any 

meaningful changes observed between variables obtained during initial baseline testing and during 

the final testing phase. This involved calculating the cumulative mean of each variable, adding one 

trial at a time (Clarkson et al., 1980; Preatoni et al., 2013). Stability was assumed to have been 

reached for each variable when the cumulative mean remained constant within an acceptance 

bandwidth of ±0.25 SD of the mean, which has commonly been used previously (Chen et al., 2019; 

Hamill & McNiven, 1990; Preatoni et al., 2010; Rodano & Squadrone, 2002). The minimum number 

of trials necessary to establish stable means for kinematic variables and participants ranged 

between 4 and 10. An example of this approach is shown in Figure 7.3. 

 

 

 

Figure 7.3. An example of the sequential estimation technique used to identify the 
minimum number of trials necessary to establish a stable mean for the variables of interest. 
This figure shows that a minimum of four trials were needed to identify the stable mean for 
the normalised flight time of participant 33. 

 

 

Paired samples t-tests or Wilcoxon signed-rank (nonparametric data) were used to determine the 

changes in the mean ± SD normalised spatiotemporal variables, length/rate and contact/flight 

ratios, NAHEP and 5 m time between baseline testing in stages 1 and 2 (12 sprint trials, Table 7.1) 

and the final testing period during (10 to 12 sprint trials; Phase 5, Figure 7.1) within each participant 

observed during the intervention period in Stage 3. Changes were deemed meaningful for each 

individual when all three of the following criteria were met: 1) effect sizes were larger than 0.2 
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(smallest worthwhile difference; Hopkins, 2002); 2) the absolute differences (%) were greater than 

intra-individual CVs obtained for the selected variable (Turner et al., 2021); 3) differences were 

statistically significant (p ≤ 0.05). For participant S1 (strength intervention), differences in their 

linear and angular kinematics and strength qualities between baseline testing (Stages 1) and the 

final testing session (Phase 5 of Stage 3 intervention period) were also analysed with meaningful 

changes deemed to have taken place when the first two criteria outlined above were met.  

 

Magnitudes of the changes in the whole-body kinematics between baseline (Stages 1 and 2) and 

final testing (Phase 5 of Stage 3, Figure 7.1) were determined using the Euclidean distance 

between the spatial locations of their centroid cartesian coordinates. The direction change in 

whole-body strategy for each individual was also quantified by first calculating the angle between a 

vertical line and the vector represented by the x and y coordinates of the centroids from baseline 

(Stages 1 and 2, Table 7.1) and the final testing period (Phase 5 of Stage 3, Figure 7.1). These 

angles were then expressed as compass bearings, where north, east, south and west were 

depicted by angles of 0°, 90°, 180° and 270°, respectively. Angles were round to the nearest 22.5° 

to determine cardinal, intercardinal or half-wind directions.  

 

To determine whether whole-body kinematic strategies were from different distributions, thus 

reflecting a change in strategy from one cluster to another in the context of a given individual, 

rather than a shift in strategy within the same cluster, a two-dimensional Kolmogorov-Smirnov test 

as defined by Friedman and Rafsky (1979) was employed. A statistic in the range [0,1] was 

calculated by scaling the statistic by the quantity: 

 

√
𝑛1𝑛2

𝑛1 + 𝑛2
 

 

where 𝑛1 is the sample size of the pre data set and 𝑛2 is the sample size of the post data set. The 

closer the statistic is to 1, the more different the distributions of the whole-body kinematic strategies 

are (Friedman & Rafsky, 1979). Statistical significance was determined using a permutation test in 

which the observed data are resampled multiple times to obtain a p-value for the test. The 

Kolmogorov-Smirnov statistic and permutated p-values were determined using an open-source 

package in R (Rahmatallah et al., 2017).  
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7.3 Results 

Group and within individual descriptive statistics for acceleration performance obtained in Stages 1 

and 2 during baseline testing can be found in Tables 7.3 and 7.4, respectively. 

 

Table 7.3. Initial sprint acceleration performance of 35 professional rugby 
union backs and their normalised spatiotemporal variables over the first four 
steps during a single testing session in the baseline period (Stage 1) 
involving three sprint trials  

Variable Mean ± SD  

NAHEP 0.559 ± 0.074  

5 m time (s) 1.029 ± 0.035  

Step length 1.31 ± 0.10  

Step rate 1.38 ± 0.09  

Contact time 0.51 ± 0.04  

Flight time 0.21 ± 0.03  

CT/FT ratio 2.48 ± 0.46  

SL/SR ratio 0.96 ± 0.13  

 
 

 

Practically perfect and statistically significant group and mean within individual relationships  

were found between NAHEP and 5 m time (Table 7.4) following stages 1 and 2 of baseline testing. 

Group (Table 7.4) and within individual (Table 7.5) CV for acceleration performance measures, 

normalised spatiotemporal variables and the length/rate and contact/flight ratios were all less than 

10%, indicating acceptable relative reliability (Atkinson & Nevill, 1998).      

 

 

Table 7.4. Group (n = 35) and mean within individual (n = 19) level 
relationships between NAHEP and 5 m time, and group coefficient of 
variation for the measurement of 5 m time 

r (90% CI)   
5 m time CV ± SD 

(%) 

Group Within individual  Group 

-0.90* -0.91*  1.40 ± 1.02 

(0.83 to 0.95) (-0.97 to -0.75)   
 

*p < 0.05 
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Table 7.5. Descriptive statistics and variability of acceleration performance and normalised spatiotemporal variables of individual participants across twelve sprint 
trials, obtained in the Stage 1 and 2 of baseline testing. 

Participant     Mean ± SD (CV; %)         

NAHEP 5 m time (s) CT/FT SL/SR SL SR CT FT 

1 0.628 ± 0.027 (4.2) 1.015 ± 0.018 (1.8) 2.97 ± 0.21 (7.0) 0.74 ± 0.03 (4.3) 1.17 ± 0.05 (4.1) 1.57 ± 0.03 (1.9) 0.48 ± 0.01 (1.8) 0.16 ± 0.01 (6.4) 

2 0.409 ± 0.045 (9.6) 1.109 ± 0.027 (2.4) 2.94 ± 0.22 (7.6) 0.76 ± 0.03 (3.7) 1.14 ± 0.03 (2.4) 1.50 ± 0.04 (2.5) 0.50 ± 0.02 (3.8) 0.16 ± 0.07 (4.8) 

3 0.644 ± 0.035 (5.4) 1.013 ± 0.035 (2.5) 2.47 ± 0.24 (9.9) 0.84 ± 0.05 (5.4) 1.26 ± 0.06 (4.8) 1.50 ± 0.03 (1.7) 0.47 ± 0.01 (2.0) 0.19 ± 0.02 (8.9) 

11 (T1) 0.631 ± 0.028 (4.5) 1.017 ± 0.023 (2.3) 2.38 ± 0.19 (8.2) 1.10 ± 0.03 (2.6) 1.42 ± 0.02 (1.7) 1.29 ± 0.02 (1.7) 0.55 ± 0.01 (1.5) 0.23 ± 0.02 (7.0) 

12 (C1) 0.505 ± 0.021 (4.2) 1.064 ± 0.013 (1.2) 2.11 ± 0.16 (7.6) 1.03 ± 0.04 (3.7) 1.37 ± 0.03 (2.1) 1.33 ± 0.02 (1.8) 0.51 ± 0.01 (2.8) 0.24 ± 0.01 (5.7) 

13 (T2) 0.651 ± 0.027 (4.1) 1.004 ± 0.009 (0.9) 2.79 ± 0.19 (7.0) 0.91 ± 0.04 (4.7) 1.30 ± 0.03 (2.6) 1.43 ± 0.04 (2.5) 0.51 ± 0.02 (3.9) 0.19 ± 0.01 (3.8) 

14 0.626 ± 0.032 (5.1) 1.025 ± 0.027 (2.6) 2.34 ± 0.16 (6.8) 0.94 ± 0.04 (4.7) 1.32 ± 0.05 (3.7) 1.40 ± 0.02 (1.3) 0.50 ± 0.01 (1.7) 0.21 ± 0.01 (5.7) 

16 (C2) 0.553 ± 0.042 (7.5) 1.058 ± 0.029 (2.8) 2.32 ± 0.14 (5.9) 1.07 ± 0.05 (4.3) 1.40 ± 0.03 (2.0) 1.32 ± 0.04 (2.7) 0.53 ± 0.02 (3.5) 0.23 ± 0.01 (4.4) 

17 0.610 ± 0.026 (4.2) 1.023 ± 0.014 (1.4) 1.99 ± 0.12 (5.9) 0.86 ± 0.04 (4.2) 1.21 ± 0.04 (3.5) 1.40 ± 0.02 (1.7) 0.48 ± 0.01 (3.0) 0.24 ± 0.01 (3.8) 

18 0.546 ± 0.022 (4.0) 1.048 ± 0.012 (1.1) 2.65 ± 0.19 (7.1) 1.09 ± 0.04 (3.3) 1.42 ± 0.03 (2.3) 1.27 ± 0.02 (1.4) 0.56 ± 0.01 (2.2) 0.23 ± 0.01 (4.4) 

19 0.539 ± 0.032 (5.9) 1.063 ± 0.019 (1.8) 2.16 ± 0.14 (6.3) 0.94 ± 0.03 (2.9) 1.29 ± 0.02 (1.8) 1.37 ± 0.03 (1.9) 0.50 ± 0.01 (2.3) 0.23 ± 0.01 (5.4) 

20 0.483 ± 0.037 (7.6) 1.079 ± 0.024 (2.2) 3.42 ± 0.15 (4.3) 1.04 ± 0.05 (5.0) 1.40 ± 0.04 (2.7) 1.35 ± 0.03 (2.5) 0.57 ± 0.01 (2.6) 0.17 ± 0.01 (4.5) 

21 (C3) 0.517 ± 0.017 (7.8) 1.068 ± 0.008 (2.8) 1.84 ± 0.14 (2.2) 1.07 ± 0.03 (1.6) 1.40 ± 0.03 (2.2) 1.30 ± 0.02 (6.2) 0.50 ± 0.01 (3.3) 0.27 ± 0.02 (0.8) 

25 0.544 ± 0.025 (4.5) 1.057 ± 0.025 (2.3) 2.37 ± 0.20 (8.6) 0.93 ± 0.06 (6.8) 1.37 ± 0.06 (4.7) 1.39 ± 0.04 (2.5) 0.51 ± 0.01 (2.1) 0.22 ± 0.02 (7.8) 

26 (S1) 0.635 ± 0.025 (3.9) 1.001 ± 0.015 (1.5) 2.84 ± 0.13 (4.7) 1.12 ± 0.03 (2.7) 1.47 ± 0.03 (1.7) 1.31 ± 0.02 (1.7) 0.57 ± 0.01 (1.9) 0.20 ± 0.01 (4.1) 

27 (T3) 0.450 ± 0.022 (5.0) 1.072 ± 0.011 (1.1) 3.03 ± 0.14 (4.7) 0.94 ± 0.03 (2.7) 1.29 ± 0.03 (2.0) 1.38 ± 0.02 (1.2) 0.54 ± 0.01 (1.6) 0.18 ± 0.01 (4.0) 

31 (T4) 0.535 ± 0.025 (4.6) 1.061 ± 0.022 (2.1) 2.72 ± 0.18 (6.5) 0.89 ± 0.05 (6.0) 1.28 ± 0.05 (3.9) 1.41 ± 0.03 (2.4) 0.52 ± 0.02 (4.0) 0.20 ± 0.01 (2.9) 

32 0.468 ± 0.026 (5.6) 1.079 ± 0.017 (1.6) 2.36 ± 0.22 (9.2) 1.10 ± 0.04 (3.5) 1.33 ± 0.03 (1.9) 1.30 ± 0.04 (3.2) 0.54 ± 0.02 (3.5) 0.24 ± 0.02 (8.0) 

33 0.627 ± 0.030 (6.1) 1.036 ± 0.022 (4.7) 2.74 ± 0.17 (3.6) 1.01 ± 0.05 (1.4) 1.34 ± 0.05 (2.3) 1.34 ± 0.02 (3.4) 0.54 ± 0.01 (4.7) 0.21 ± 0.01 (2.1) 

Group mean 
CV ± SD (%) 

5.5 ± 1.8 2.1 ± 0.9 6.5 ± 1.9 3.9 ± 1.4 2.8 ± 1.0 2.3 ± 1.1 2.7 ± 1.0 5.0 ± 2.1 
 

Individuals in grey (control), orange (strength) and blue (technical) underwent the intervention in Stage 3. Original participant numbers (from Chapter 6 and Stage 2 of this research) and 
those (in brackets) used for participants who also underwent an intervention in Stage 3 are shown for these individuals.  
Where units are not provided, variables are in their dimensionless form using the equations of Hof (1996)  
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7.3.1 Within individual relationships between acceleration performance and sprint variables 

Trivial to very large within individual relationships of NAHEP with whole-body kinematic strategy, 

length/rate and contact/flight ratios and each normalised spatiotemporal variable of the 19 

participants (stages 1 and 2 in the baseline period) were observed (see Figure 7.2 and Figures F.1 

to F.6 [Appendix G] for all participants’ individual Figures). Within individual relationships (r = 0.14 

to 0.88) between whole-body kinematic strategy and NAHEP were meaningful (r ≥ 0.43) in 12 

participants and statistically significant for six. Within individual relationships of NAHEP with 

length/rate and contact/flight ratios (r = -0.74 to 0.75 and r = -0.42 to 0.80) were meaningful in 

eleven (in four, p ≤ 0.05) and seven (in two, p ≤ 0.05) participants, respectively. Within individual 

relationships between NAHEP and normalised step length (r = -0.29 to 0.76) were meaningful in 

seven participants (in six, p ≤ 0.05). Within individual relationships between NAHEP and 

normalised step rate (r = -0.64 to 0.88) were meaningful in 13 participants (in seven, p ≤ 0.05). 

Within individual relationships of NAHEP with normalised contact time and normalised flight time (r 

= -0.63 to 0.78 and r = -0.79 to 0.54) were meaningful in six (in three, p ≤ 0.05) and nine (in five, p 

≤ 0.05) participants, respectively. 

 

Differences in magnitude between the within individual relationships of 5 m time and NAHEP with 

whole-body kinematic strategy, length/rate and contact/flight ratios and each normalised 

spatiotemporal variable were trivial to small (mean ± SD difference: whole-body kinematic strategy, 

Δ r = 0.08 ± 0.06; length/rate ratio, Δ r = 0.08 ± 0.06; contact/length ratio, Δ r = 0.10 ± 0.07; 

normalised step length, Δ r = 0.08 ± 0.06; normalised step rate, Δ r = 0.09 ± 0.06; normalised 

contact time, Δ r = 0.12 ± 0.07; normalised flight time, Δ r = 0.10 ± 0.06). Of the number of 

meaningful within-individual relationships (n = 64) across participants between NAHEP and sprint 

technique variables, 89% (n = 57) of the same relationships were also found to be meaningful 

when NAHEP was replaced by 5 m time (Figure 7.3 and Appendix G). In three participants, 

meaningful relationships of sprint technique variables observed with 5 m time were not observed 

with NAHEP (participant 12 [C1], whole-body strategy Δ r = 0.01; participant 2, whole-body strategy 

Δ r = 0.14, contact/flight ratio Δ r = 0.16, flight time Δ r = 0.09; participant 20, whole-body strategy Δ 

r = 0.15, length/rate ratio Δ r = 0.14, step length Δ r = 0.14, step rate Δ r = 0.13). Of the number of 

statistically significant within individual relationships (n = 33) across participants between NAHEP 

and sprint technique variables, 79% (n = 26) of the same relationships were also found to be 
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statistically significant when NAHEP was replaced by 5 m time. A breakdown of results is shown in 

Table 7.6.  

 

Table 7.6. Number of meaningful and statistically significant within-individual 
relationships between initial acceleration performance and normalised sprint kinematic 
variables 
  

Variable 
WB   SL/SR   CT/FT   SL   SR   CT   FT 

ͣ ᵇ  ͣ ᵇ  ͣ ᵇ  ͣ ᵇ  ͣ ᵇ  ͣ ᵇ  ͣ ᵇ 

NAHEP 12 6  9 3  7 2  7 6  10 5  5 2  7 3 

5 m time 12 5   11 4   7 2   7 6   12 7   6 3   9 5 

WB = whole-body strategy, SL/SR = length/rate ratio, CT/FT = contact/flight ratio, SL = step 
length, SR = step rate, CT = contact time, FT = flight time 

 
ͣ number of meaningful relationships 
ᵇnumber of statistically significant relationships 

 

 
 

 

7.3.2 Exploratory session for technique intervention participants 

Moderate to extremely large differences (Cohen’s d = 1.08 to 5.75) were observed (Figure 7.4) 

when comparing all variables between no focus and technical focus (prompt) conditions during the 

exploratory session (Stage 1, Table 7.1) prior to the start of the intervention period (Stage 3, Figure 

7.1) for participants who were given a technical intervention. Acceleration performance (NAHEP 

and 5 m time) was acutely negatively affected by large to extremely large magnitudes during the 

sprints undertaken with the technical focus provided (Figure 7.4).  

 

The direction of the changes in magnitude of variables were aligned with those variables 

individuals were primarily and secondarily reliant on for better acceleration performance (Table 7.2) 

during the baseline period in stages 1 and 2, according to the associations of their whole-body 

kinematic strategy, length/rate and contact/flight ratios and normalised spatiotemporal variables 

with acceleration performance (Figures G.1, G.2; Appendix H). Changes in sprint variables were 

moderate to extremely large and the collective changes in these variables for each individual 

resulted in a directional change of their whole-body kinematic strategies to within one (participants 

T1 and T2), two (participant T3) and three (participant T4) half-winds of the intended Cartesian 

plane direction shift (Figure 7.4).  
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Figure 7.4. Differences in whole-body kinematic strategies, normalised spatiotemporal variables and initial acceleration performance for participants under 
no focus and technical focus (prompt) conditions during an exploratory session. Self-generated technical prompts are shown in the speech marks for each 
participant, with the direction changes in strategy indicated in brackets (intended, actual) as compass bearings calculated to the nearest 22.5°. Euclidean 
distance (dx,y) depicts the magnitude of change in participant whole-body kinematic strategies. 
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7.3.3 Pre and post changes following intervention 

Pre (baseline testing; Stages 1 and 2) to post (final testing phase of the intervention; Phase 5 – the 

final phase of Stage 3) changes in the whole-body kinematic strategies of participants given a 

technical intervention are shown in Figure 7.5. The directional change of whole-body centroids for 

these participants were the same (participant T2) or within one (participants T1 and T3) or three 

(participant T4) half-winds of the intended Cartesian plane direction shift. The Euclidean distance 

between pre and post whole-body kinematic centroids of participants given a technical or strength 

intervention were greater than all control participants (Figure 7.6). A change in strategy from one 

cluster to another was evident for participant T1 (technical intervention, Figure 7.5) although the 

magnitude of this change was not as great as the change in strategy of participant S1 (strength 

intervention, Figure 7.6) as indicated by the statistically significant different distributions of their pre 

and post whole-body kinematic strategies, the magnitudes of which were determined by the two-

dimensional Kolmogorov-Smirnov test.  

 

Acceleration performance of participants undergoing a technical intervention in Stage 3 was 

enhanced where statistically significant differences between pre and post NAHEP and 5 m times 

were greater than the within-individual CV for each participant (Figures 7.7 to 7.10). The magnitude 

of change in NAHEP were positive and large for participants T1 to T4 (d = 1.29 to 1.46), and the 

magnitude of change in 5 m times (d = 1.11 to 2.82) were negative and moderate (participant T4), 

large (participants T1 and T2) and very large (participant T3). Acceleration performance remained 

unchanged (pre to post changes were less than the within individual CV for participants and no 

statistically significant differences were evident) for strength and control participants (Figures 7.11 

to 7.14). For control participants no changes in length/rate and contact/flight ratios or normalised 

spatiotemporal variables were evident, although the magnitude of change in contact/flight ratio for 

participant C3 (Figure 7.14) exceeded their within individual CV for this variable. For participants 

who were given an intervention, statistically significant differences were evident and exceeded 

within individual CV for at least two variables for each individual (d = 1.11 to 3.99).  

 

For participant S1 (strength intervention) very to extremely large (d = 3.13 to 9.15) meaningful 

differences (Figure 7.15) in all but one strength-based measure (squat jump Pmax) were observed 

when comparing the baseline period (Stage 1) and final testing phase (Phase 5 of Stage 3, Figure 

7.1). The proximal endpoints of their shank and thigh at touchdown were rotated more towards the 
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direction of travel during testing on a single occasion in Phase 5 (Stage 3, Figure 7.1), whilst the 

proximal end of their foot segment was less rotated towards the direction of travel at toe-off. 

Meaningful differences were also observed for ankle dorsiflexion range of motion during stance 

(less in post compared with baseline testing), peak ankle dorsiflexion angle during stance (greater 

dorsiflexion in post compared with baseline testing). The largest pre to post change of a technical 

feature was evident in the participant’s touchdown distance (extremely large magnitude), where the 

foot was more posterior relative to the CM at touchdown, which also resulted in a smaller contact 

length.   

 

 

Figure 7.5. Change in whole-body kinematic strategies of participants who were given a technical 
intervention between initial baseline (pink ellipse) and final testing phases (blue ellipse). 
 

dx,y = Euclidean distance between the whole-body kinematic strategies 
 

D2DKS = two-dimensional Kolmogorov-Smirnov statistic to determine the extent to which whole-body kinematic 
strategies are from the same distribution. Asterisks indicate whether the differences in distribution are 
statistically significant (p < 0.05) 
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Figure 7.6. Change in whole-body kinematic strategies of control participants and participant S1 
(strength intervention, orange filled participant number box) between initial baseline (pink ellipse) 
and final testing phases (blue ellipse). 
 

dx,y = Euclidean distance between the whole-body kinematic strategies 
 

D2DKS = two-dimensional Kolmogorov-Smirnov statistic to determine the extent to which whole-body 
kinematic strategies are from the same distribution. Asterisks indicate whether the differences in distribution 
are statistically significant (p < 0.05) 
 

Note that an intended direction was not included for participants S1 because their whole-body strategy was 
not meaningfully related to their acceleration performance (see Figure H.2, Appendix H). The strength 
intervention was intended increase their step rate, primarily through reducing their contact time, which 
would result in their whole-body spatial location moving towards south-west on the Cartesian plane 
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Figure 7.7 Mean ± SD of NAHEP, 5 m time, normalised spatiotemporal variables and the length/rate and contact/flight ratios for participant T1 (technical intervention). 
Between testing occasion effect sizes (absolute) are shown (BL = baseline testing phase, w7 = week 7, w10 = week 10, w13 = week 13, FP = final testing phase). Black arrows 
indicate the direction of the intended changes in magnitude of the variables most underpinning the associations between participant whole-body kinematic strategy and 
acceleration performance observed during baseline testing. The absolute percentage change between initial baseline testing (session number 1) and the final testing phase 
(session 5) is shown. If this value is bold, the magnitude of the change is greater than the smallest worthwhile difference (Hopkins, 2002) and asterisks indicate whether the 
difference is statistically significant (p ≤ 0.05), according to Paired samples t-tests or ªWilcoxon singed-rank (nonparametric data) tests. 
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Figure 7.8 Mean ± SD of NAHEP, 5 m time, normalised spatiotemporal variables and the length/rate and contact/flight ratios for participant T2 (technical intervention). 
Between testing occasion effect sizes (asbsolute) are shown (BL = baseline testing phase, w7 = week 7, w10 = week 10, w13 = week 13, FP = final testing phase). Black 
arrows indicate the direction of the intended changes in magnitude of the variables most underpinning the associations between participant whole-body kinematic strategy and 
acceleration performance observed during baseline testing. The absolute percentage change between initial baseline testing (session number 1) and the final testing phase 
(session 5) is shown. If this value is bold, the magnitude of the change is greater than the smallest worthwhile difference (Hopkins, 2002) and asterisks indicate whether the 
difference is statistically significant (p ≤ 0.05), according to Paired samples t-tests or ªWilcoxon singed-rank (nonparametric data) tests. 
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Figure 7.9 Mean ± SD of NAHEP, 5 m time, normalised spatiotemporal variables and the length/rate and contact/flight ratios for participant T3 (technical intervention). 
Between testing occasion effect sizes (absolute) are shown (BL = baseline testing phase, w7 = week 7, w10 = week 10, w13 = week 13, FP = final testing phase). Black arrows 
indicate the direction of the intended changes in magnitude of the variables most underpinning the associations between participant whole-body kinematic strategy and 
acceleration performance observed during baseline testing. The absolute percentage change between initial baseline testing (session number 1) and the final testing phase 
(session 5) is shown. If this value is bold, the magnitude of the change is greater than the smallest worthwhile difference (Hopkins, 2002) and asterisks indicate whether the 
difference is statistically significant (p ≤ 0.05), according to Paired samples t-tests or ªWilcoxon singed-rank (nonparametric data) tests. 
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Figure 7.10 Mean ± SD of NAHEP, 5 m time, normalised spatiotemporal variables and the length/rate and contact/flight ratios for participant T4 (technical intervention). 
Between testing occasion effect sizes (absolute) are shown (BL = baseline testing phase, w7 = week 7, w10 = week 10, w13 = week 13, FP = final testing phase). Black arrows 
indicate the direction of the intended changes in magnitude of the variables most underpinning the associations between participant whole-body kinematic strategy and 
acceleration performance observed during baseline testing. The absolute percentage change between initial baseline testing (session number 1) and the final testing phase 
(session 5) is shown. If this value is bold, the magnitude of the change is greater than the smallest worthwhile difference (Hopkins, 2002) and asterisks indicate whether the 
difference is statistically significant (p ≤ 0.05), according to Paired samples t-tests or ªWilcoxon singed-rank (nonparametric data) tests. 
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Figure 7.11 Mean ± SD of NAHEP, 5 m time, normalised spatiotemporal variables and the length/rate and contact/flight ratios for participant S1 (strength intervention). 
Between testing occasion effect sizes (absolute) are shown (BL = baseline testing phase, w7 = week 7, w10 = week 10, w13 = week 13, FP = final testing phase). Black arrows 
indicate the direction of the intended changes in magnitude of the variables most underpinning the associations between participant whole-body kinematic strategy and 
acceleration performance observed during baseline testing. The absolute percentage change between initial baseline testing (session number 1) and the final testing phase 
(session 5) is shown. If this value is bold, the magnitude of the change is greater than the smallest worthwhile difference (Hopkins, 2002) and asterisks indicate whether the 
difference is statistically significant (p ≤ 0.05), according to Paired samples t-tests or ªWilcoxon singed-rank (nonparametric data) tests. 
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Figure 7.12 Mean ± SD of NAHEP, 5 m time, normalised spatiotemporal variables and the length/rate and contact/flight ratios for participant C1 (control). Between testing 
occasion effect sizes (absolute) are shown (BL = baseline testing phase, w7 = week 7, w10 = week 10, w13 = week 13, FP = final testing phase). Black arrows indicate the 
direction of the intended changes in magnitude of the variables most underpinning the associations between participant whole-body kinematic strategy and acceleration 
performance observed during baseline testing. The absolute percentage change between initial baseline testing (session number 1) and the final testing phase (session 5) is 
shown. If this value is bold, the magnitude of the change is greater than the smallest worthwhile difference (Hopkins, 2002) and asterisks indicate whether the difference is 
statistically significant (p ≤ 0.05), according to Paired samples t-tests or ªWilcoxon singed-rank (nonparametric data) tests. 
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Figure 7.13 Mean ± SD of NAHEP, 5 m time, normalised spatiotemporal variables and the length/rate and contact/flight ratios for participant C2 (control). Between testing 
occasion effect sizes (absolute) are shown (BL = baseline testing phase, w7 = week 7, w10 = week 10, w13 = week 13, FP = final testing phase). Black arrows indicate the 
direction of the intended changes in magnitude of the variables most underpinning the associations between participant whole-body kinematic strategy and acceleration 
performance observed during baseline testing. The absolute percentage change between initial baseline testing (session number 1) and the final testing phase (session 5) is 
shown. If this value is bold, the magnitude of the change is greater than the smallest worthwhile difference (Hopkins, 2002) and asterisks indicate whether the difference is 
statistically significant (p ≤ 0.05), according to Paired samples t-tests or ªWilcoxon singed-rank (nonparametric data) tests. 
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Figure 7.14 Mean ± SD of NAHEP, 5 m time, normalised spatiotemporal variables and the length/rate and contact/flight ratios for participant C3 (control Between testing 
occasion effect sizes (absolute) are shown (BL = baseline testing phase, w7 = week 7, w10 = week 10, w13 = week 13, FP = final testing phase). Black arrows indicate the 
direction of the intended changes in magnitude of the variables most underpinning the associations between participant whole-body kinematic strategy and acceleration 
performance observed during baseline testing. The absolute percentage change between initial baseline testing (session number 1) and the final testing phase (session 5) is 
shown. If this value is bold, the magnitude of the change is greater than the smallest worthwhile difference (Hopkins, 2002) and asterisks indicate whether the difference is 
statistically significant (p ≤ 0.05), according to Paired samples t-tests or ªWilcoxon singed-rank (nonparametric data) tests. 
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Figure 7.15. Scaled spatial model showing the mean segmental orientations across all (four) steps for participant S1 (strength intervention) at touchdown 
and toe-off during baseline (purple, pre) and final (turquoise, post) testing phases.  The mean centre of mass location at touchdown and toe-off positions is 
depicted as markers (circles), showing normalised linear kinematic variables. Note that horizontal and vertical scales are the same and all normalised linear 
kinematic variables are referenced to position of the toe of the contact leg; b) average of the mean normalised step times during baseline and final testing, 
divided into contact time (filled bars) and flight time (pattern filled bars). The proportion of time spent during the contact and flight phases relative to step time 
are shown as percentages; c) differences in mean ± SD values for segment and angular kinematics and strength qualities between baseline and final testing 
stages for participant 26. Effect size differences (Cohen’s d) were calculated between all variables and meaningful differences were deemed evident if the 
magnitude of the difference was greater than the smallest worthwhile difference (Hopkins, 2002) and the absolute difference (%) was greater than the intra-
individual CV for these variables determined during baseline testing. If these two criteria have been met, the effect size values appear in bold.  
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7.4 Discussion 

This study sought to determine how sprint technique variables (whole-body kinematic strategies, 

normalised spatiotemporal variables and length/rate and contact/flight ratios) of professional rugby 

backs related individually to their initial sprint performance, and how their sprint technique and 

performance changed longitudinally through individual-specific training interventions that were 

informed by these relationships. Meaningful within individual relationships were found between 

sprint technique variables and NAHEP (Figure 7.2 and Appendix H) in all but two (P1 and P12 

[C1]) of 19 participants during the baseline period (Stages 1 and 2, Table 7.1). Further, when 

individual-specific interventions were given to a sub-group of participants during the intervention 

period in Stage 3 (Figure 7.1), changes in the Cartesian plane spatial locations of their whole-body 

kinematic strategies were observed towards the direction of the intended change (Figures 7.5 and 

7.6). Meaningful and statistically significant improvements in acceleration performance were 

observed alongside the changes in whole-body spatial locations in participants who underwent 

individual-specific technical interventions over these 18 weeks (Figures 7.7 - 7.10), whereas no 

meaningful changes in acceleration performance were evident in the participant who followed a 

strength-based intervention (Figure 7.11) or in the control participants (Figures 7.12 - 7.14). 

Although some caution ought to be given when drawing conclusions with relatively low participant 

numbers, these results based on multiple case-study interventions suggest that the approach 

adopted in the study to apply individual-specific technical interventions may provide practitioners 

with a novel way to individualise and enhance the sprint acceleration training of professional rugby 

union backs. 

 

7.4.1 Within individual relationships between sprint technique and performance 

 
To inform how individual-specific interventions were applied it was first necessary to address 

research question VII) what are the within-individual relationships of whole-body kinematic 

strategies and normalised spatiotemporal variables with the initial acceleration performance of 

professional rugby backs during the first four steps? By determining the within-individual 

relationships, it was possible to identify variables that participants were individually reliant on for 

better sprint performance. This builds on previous research (Salo et al., 2011) in which sprinters 

were found to individually rely on either greater step length or step rate (or neither variable) for 

better sprinting performance across 100 m races. Of the 11 sprinters studied by Salo et al. (2011), 

three were shown to rely on step length, whilst one was shown to rely on step rate for better sprint 
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performance according to the difference between magnitudes of step length and step rate 

relationships with 100 m times. Consequently, based on these analyses alone, practitioners could 

be left without a technical training direction for the majority of sprinters from this cohort. Although 

Salo et al. (2011) focussed on the maximum velocity phase, in order to overcome potentially similar 

limitations when analysing the initial acceleration phase, the current study sought to understand 

how performance was not only related individually to step length and step rate, but also to contact 

and flight times and the whole-body kinematic strategies of participants. This provided a more in-

depth understanding of the spatiotemporal variables which athletes may rely on for better sprint 

performance. 

 

Eleven of the 19 participants (Figure 7.2 and Appendix H) were found to individually rely on step 

length or step rate, where a meaningful r value of ≥ 0.43 was evident between step length (n = 6) 

or step rate (n = 5) and NAHEP, and the difference in correlation magnitude between the 

relationships of step length and step rate with NAHEP for each of these participants was also r ≥ 

0.43. However, when considering whole-body kinematic strategies and contact and flight times in 

addition to step length and step rate, 17 of the 19 participants were observed to individually rely on 

at least one sprint technique variable for better acceleration performance (Figure 7.2 and Appendix 

H). Given that some athletes appear to be reliant on variables other than step length or step rate, 

these findings suggest that it is useful for practitioners to consider the relationships of initial 

acceleration performance with whole-body kinematic strategies and contact and flight times, in 

addition to just step length and step rate. Determining within-individual relationships between 

whole-body kinematic strategies and initial acceleration performance would appear particularly 

important since meaningful relationships were observed in 12 of the 19 participants. Since optimum 

technique can be considered as the motions yielding maximum performance for a given individual 

as a function of the constraints at that time (Hatze, 1973), this approach provides valuable direction 

for practitioners to inform the individualisation of their technical interventions and formed the basis 

of the individual-specific interventions of participants in Stage 3 (Figure 7.1).  

 

7.4.2 Changes in technique, acceleration performance and strength qualities 

 
To address research question VIII) How do longitudinal individual-specific training interventions that 

focus on the variable(s) which specific professional rugby backs are reliant upon for better sprint 

performance affect their acceleration capabilities? longitudinal individual-specific interventions were 
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applied which focussed on the variable(s) that five participants were found to be individually reliant 

upon for better initial acceleration performance. By the final phase of the intervention in Stage 3 

(Phase 5, Figure 7.1) the differences in distribution of individual whole-body strategies compared 

with baseline were greater within intervention participants than controls (Figures 7.5 and 7.6, as 

indicated by the two-dimensional Kolmogorov-Smirnov statistic (mean D2DKS: intervention 

participants: 0.62; controls, 0.38). A change in strategy from one cluster to another was observed in 

participants T1 and S1, as indicated by the statistically significant difference in distributions of their 

whole-body strategies (T1: D2DKS 0.83, S1: D2DKS 0.99; both p < 0.05). Therefore, for all other 

participants, any changes in whole-body strategy spatial location between baseline (Stages 1 and 

2, Table 7.1) and final phase of the intervention in Stage 3 (Phase 5, Figure 7.1), represented a 

shift in strategy within the same cluster for each individual.  

 

For participants who completed a technical intervention (T1-T4), the technical prompts applied 

during the exploratory session prior to the intervention phase had an acute negative effect on 

acceleration performance compared with no focus in that session (Figure 7.4). However, the 

intention of this session was to use analogies or holistic cues as technical prompts to convey the 

movements required to move the Cartesian plane spatial location of each individual’s whole-body 

strategy towards the direction of the intended spatial location change, rather than to enhance their 

acceleration performance acutely. Therefore, given that the specific objective in this session was 

for participants to adhere to the technical prompt rather than directly enhancing initial acceleration 

performance, the acute reduction in NAHEP was not of concern. The mean Euclidean distance 

between the spatial location of whole-body strategy for each participant (T1-T4) during no focus 

and technical focus conditions during this exploratory session (Figure 7.4, dx,y mean: 1.26; range: 

0.96 to 1.52) was greater than the mean Euclidean distance between the spatial location of their 

whole-body strategy between baseline and the final phase of the intervention period (Figure 7.5, 

dx,y mean: 0.69; range: 0.43 to 1.26) by a factor of approximately two. This was anticipated since 

the sprint trials in which whole-body strategies were obtained during the intervention period were 

carried out by participants without a technical focus and, therefore, they would be expected to 

regress towards their natural movement preferences identified during the baseline period in Stages 

1 and 2 (Table 7.1) owing to each individual’s unique intrinsic dynamics. That is, they are likely to 

have regressed towards their movement preferences shaped by their performer constraints, and 

experience with the task (i.e., sprinting) prior to the intervention (Kostrubiec et al., 2012; Thelen, 
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1995). Therefore, to determine how considerable the changes in whole-body strategy spatial 

locations were for T1-T4 following the intervention, they ought to be considered in the context of 

the change in whole-body strategy spatial locations of the strength and control participants 

observed during the intervention period. 

   

The mean change in whole-body strategy spatial location during the final phase of the intervention 

period for T1-T4 compared with baseline was greater than the mean change observed in control 

participants (dx,y mean, 0.36; range, 0.11 to 0.39, Figure 7.6) by more than a factor of two. Even the 

smallest change in technical intervention participants (dx,y  = 0.43) was greater than the largest 

change in controls (dx,y  = 0.39). The directional changes of their (T1-T4) whole-body strategy 

centroids were also the same or within three half-winds of the intended direction change. 

Therefore, the consistency of technically focussed sprint repetitions completed by participants T1-

T4 during the first 14 weeks of the intervention period (Stage 3, Figure 7.1) appeared to be 

sufficient to bias their movement tendencies in the general direction of the technical focus during 

the final phase of the intervention period. One possible explanation for the changes evident in 

whole-body centroid spatial locations for participants T1-T4 is the phenomenon known as ‘use-

dependent learning’ which describes how motor behaviour is shaped in the direction of previous 

motor actions (Diedrichsen et al., 2010; Mawase et al., 2017), and has been used previously to 

explain changes in gait following the learning of novel asymmetric stepping patterns (Wood et al., 

2020; Wood, 2021).  

 

Not only were the whole-body strategies of T1-T4 likely shaped at the end of the intervention period 

by their prior motor actions resulting from their individual technical prompts, but statistically 

significant large (Cohen’s d = 1.29 to 1.46) and moderate to large (Cohen’s d = 1.11 to 2.82) 

increases in NAHEP and decreases in 5 m time were also observed (Figures 7.7 to 7.10). The 

magnitude of the changes in NAHEP and 5 m time for T1-T4 were also greater than the within 

individual CV of these acceleration performance variables for each participant (Table 7.5). No 

meaningful changes in NAHEP or 5 m time were evident for S1 or C1-3 following the intervention 

period. These findings suggest that individual-specific technical interventions are likely more 

effective at eliciting larger technical changes and greater enhancements in acceleration 

performance compared with a generalised ‘one-size-fits-all’ approach.  
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The magnitude of change in NAHEP for participants T1-T4 appeared to correspond to the 

magnitude of their within-individual relationships between whole-body kinematic strategy and 

NAHEP, in the same direction. For instance, participants (technical intervention) could be ranked in 

the same order based on their whole-body strategy and NAHEP relationships and the effect size 

magnitudes of the changes in NAHEP observed between the baseline period and the final phase of 

the intervention (largest to smallest r value: T2 (0.88), T3 (0.77), T1 (0.55), T4 (0.51); largest to 

smallest d: T2 (1.46), T3 (1.43), T1 (1.30), T4 (1.29)). This suggests that the potential performance 

benefits of a technical intervention based on the within individual relationship between whole-body 

strategy and NAHEP may be greater for those with a strong reliance in the first instance. This novel 

approach provides a foundation for future research to investigate whether this pattern is consistent 

over a greater number of repeat observations for individuals to determine how the magnitude of 

within-individual relationships between whole-body strategy and NAHEP change with changes in 

acceleration performance. 

 

The direction of the change in magnitude of the variables which participants T1-T4 were primarily 

and secondarily reliant on for better acceleration performance (Table 7.2; Figures G.1, G.2, 

Appendix H) followed a similar direction pattern change in NAHEP over the successive testing 

sessions during the different phases of the intervention (Figures 7.7 to 7.10). For example, 

compared to baseline both NAHEP and step rate for T1 (Figure 7.7 a and f) decreased in testing 

session one (trivial change in step rate), whilst they both increased successively for testing 

sessions two and three before decreasing during the final testing session (trivial change in NAHEP 

compared to testing session 4). The largest change in magnitude of the variables that participants 

were reliant on for better acceleration performance compared with baseline occurred in one of the 

testing sessions prior to the final testing phase during the intervention period in Stage 3 (Table 7.1). 

The variable participant T2 was primarily reliant on for better acceleration performance peaked in 

testing session three (Figure 7.8 c), whereas the variables participants T1 and T3-T4 were primarily 

and secondarily reliant on for better acceleration performance peaked in testing session 4 (Figures 

7.7 to 7.10). Since all sprints undertaken by participants T1-T4 during the final phase of the 

intervention took place without a focus on their technical prompts, these findings suggest that the 

use-dependent aftereffects from their prior motor actions may have begun to subside (Diedrichsen 

et al., 2010; Mawase et al., 2017; Wood et al., 2020; Wood, 2021) when they ceased to apply a 

technical focus during training. Ultimately, for participants T1-T4 the changes made to the variables 
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they were individually reliant on for better acceleration performance by the end of the intervention 

were intentional and the aspects of retention discussed above were not a focus of the research 

(intentionally by the design of the study). However, further research is needed to understand how 

technical features and acceleration performance are retained across different durations following 

technical focussed interventions.   

  

Whilst the technical foci individually applied to participants T1-T4 may have biased their motor 

actions in the same direction during the final phase of the intervention, the same explanation 

cannot not be used to explain the whole-body spatial location changes (Figure 7.5; dx,y = 1.09; 

D2DKS = 0.99, p < 0.05) observed for participant S1 (strength intervention) by the end of the 

intervention period (Figure 7.11). No focus was applied to the sprint training undertaken by S1 in 

any phase of the intervention. Instead, they underwent an individual-specific strength intervention 

during this period, which targeted the variables they were primarily (higher step rate) and 

secondarily (shorter contact time) reliant on for better acceleration performance (Figure H.2, 

Appendix H). Meaningful and statistically significant differences in all spatiotemporal variables and 

length/rate and contact/flight ratios were observed during the final phase of the intervention 

compared with baseline (for comparison, in participants T1-T4, 17% to 83% of effect size 

differences were meaningful and/or statistically significant). This resulted in different distributions of 

participant S1’s baseline and post intervention whole-body strategies and therefore a change in 

strategy from one cluster to another. These findings show that a greater change in whole-body 

strategy was observed following an individual-specific strength intervention, compared with 

individual-specific technical interventions, and that these changes could possibly be explained by 

the relationships determined between strength-based qualities and individual spatiotemporal 

variables in Chapter 5.    

 

In Chapter 5, step rate (the variable S1 was primarily reliant on) was meaningfully related to 

repeated jump contact time (r = - 0.47; p < 0.05) and torque/contact time ratio (r = 0.34, p > 0.05) 

across a larger group of rugby backs. These strength capacities increased in S1 by very large 

magnitudes (repeated contact time [a proxy measure of vertical stiffness], d = - 4.91; torque/contact 

time ratio, d = 5.09) and were achieved in tandem with a very large increase in their step rate 

(Figure 7.14, d = 3.99). Participant S1 also increased their hip torque and repeated RSI by 

extremely large magnitudes (Figure 7.15 c, d = 4.00 and d = 9.55 respectively), which, in addition 
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to repeated contact time and torque/contact time ratio, were also meaningfully related to 

normalised contact time (secondary reliant variable for participant S1) in Chapter 5. Alongside 

these strength-based changes, participant S1’s contact time during acceleration decreased by a 

very large magnitude (Figure 7.14 g, d = - 3.99). Unlike in the technical intervention participants 

where the intended changes in the variables they were reliant on for better acceleration 

performance generally subsided during the final testing phase (Stage 3, Phase 5), the changes in 

participant S1’s step rate (primary reliance) and contact time (secondary reliance) peaked in the 

final testing phase. For practitioners, this would imply that individual-specific strength-based may 

be more effective than individual-specific technical-based interventions for longer term retention of 

intended technical changes in acceleration. However, more individual-specific strength-based 

interventions would clearly be needed to provide stronger evidence to support this premise.       

 

The changes in step rate and contact time during acceleration achieved by participant S1 were 

underpinned by meaningful extremely large decreases in touchdown distance (d = - 7.71; absolute 

difference = 0.099 m) and meaningful large decreases in contact length (d = 1.86; absolute 

difference = 0.108 m). These linear kinematic findings are logical since a more negative touchdown 

distance will mean the CM has less distance to travel forwards of the stance foot before rapid leg 

extension (Jacobs & van Ingen Schenau, 1992), and the total horizontal distance travelled by the 

centre of mass is reflected by a shorter contact length. Given that movement preferences are 

influenced by performer constraints (Newell, 1986), the changes in participant S1’s strength 

capacities may, in part, have shaped their touchdown kinematics, self-organising to produce a 

smaller touchdown distance by orienting their lower limb segments more horizontally (i.e., the 

proximal ends of participant S1’s shank and thigh at touchdown were rotated more forwards toward 

the direction of travel [d = 3.00] post intervention). Although, again, further single participant 

strength-based interventions are required to directly support this assertion, it is underpinned by a 

strong body of evidence which highlights that changes to an individual’s organismic properties 

directly influence their emergent behavioural patterns (Davids et al., 2008; Newell, 1986; Newell, 

1976; Saltzman & Kelso, 1987).  

 

Despite the change in whole-body strategy from one cluster to another, and the changes in 

magnitude of the variables participant S1 was reliant on for better acceleration performance, no 

meaningful differences were observed for their acceleration performance (Figure 7.14 a). 
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Participant S1 completed a noticeably smaller total number of sprints compared with participants 

T1-T4 during speed sessions and in warm-ups for rugby training and matches (participant S1: 199; 

participants T1-T4 range = 245 to 265), although this alone cannot explain the differences in 

acceleration performance since control participants whose acceleration performances were also 

not meaningfully different following the intervention period completed a similar number of speed 

training and warm up sprints (mean n = 251) to participants T1-T4. Although the short distance 

sprint performances of team sport players have been shown to be enhanced by strength-based 

interventions (see Nicholson et al. (2021) for a review), combined methods including technical-

based training with sprint and strength-based training are considered best practice in the field 

(Haugen et al., 2019c) for the development of speed. Therefore, it is feasible that enhancements in 

participant S1’s acceleration performance may have been observed with an individual-specific 

technical focus alongside the individual-specific strength intervention applied. However, more 

research is required to understand how acceleration performance changes with such a combined 

technical and strength individual-specific intervention targeting the sprint variables individuals are 

reliant on for better acceleration performance. 

 

7.4.3 5 m time as an alternative measure to NAHEP 

 
The method used to obtain NAHEP in this thesis provides a reliable (CV = 4%, Table 6.1) and 

objective measure of initial acceleration performance. However, it requires digitisation of 22 

segment endpoints twice to define the 14-segment human model used so that the whole-body CM 

location can be determined (once at the beginning of the first contact phase and once at the end of 

the fourth contact phase). In an applied setting, a simpler way to measure initial acceleration 

performance is of interest so that actionable information can be communicated in a timelier 

manner. A less time-intensive initial acceleration measure (5 m) was used to answer research 

question VII) How closely can the within-individual relationships of whole-body kinematic strategies 

and normalised spatiotemporal variables with NAHEP, and the within-individual changes of these 

variables following individual-specific training interventions be replicated using a more practical 

performance measure than NAHEP? This required timestamping just two occurrences (the instant 

the back toe lifts off the ground at the start and when the mid-hips pass the 5 m mark) and was 

obtained to determine whether it could be used as a more practical alternative to the method used 

in this thesis to obtain NAHEP.    
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The reliability of 5 m time (CV = 1.4%, Table 7.4) was higher compared with NAHEP and 

differences in the correlation magnitudes between NAHEP and 5 m time with sprint technique 

variables were only trivial to small (mean ± SD r difference: whole-body strategy 0.07 ± 0.06; 

length/rate ratio: 0.08 ± 0.05; contact/flight ratio: 0.10 ± 0.07; step length: 0.08 ± 0.06; step rate: 

0.09 ± 0.06; contact time: 0.09 ± 0.07; flight time: 0.10 ± 0.06). When correlation coefficients were 

inverted for 5 m time, the direction of relationships with sprint technique variables were the same 

as NAHEP for 95% of relationships determined. Although there were six occasions where 

directions differed, relationships of both 5 m time and NAHEP with sprint technique variables in 

these cases were trivial and not meaningful (absolute magnitudes were all r < ± 0.16). Given these 

findings and the similarity in statistically significant and / or meaningful within-individual 

relationships of sprint technique variables with both NAHEP and 5 m time (Table 7.6), 5 m time 

appears an appropriate initial acceleration measure to identify variables athletes are reliant on for 

better initial acceleration performance. The statistically significant and/or meaningful changes 

observed in NAHEP between baseline testing (Stage 1, Table 7.1) and the final phase of testing 

(Stage 3, Figure 7.1) were also observed as statistically significant and/or meaningful when 

comparing change in 5 m time between the same testing occasions. This suggests that worthwhile 

changes in initial acceleration performance can be identified using either initial acceleration 

measure and because 5 m time is easier to obtain, it is proposed as a more practical alternative to 

use within the field than NAHEP to determine acceleration performance.   

 

7.5 Chapter summary 

Novel individual-specific technical interventions were effective in enhancing the initial acceleration 

performance of professional rugby union backs. The collective findings of this study emphasise the 

importance of considering participants on an individual basis and add to existing literature which 

identifies that important information on the characteristics of individuals can be lost when using 

group level cross-sectional analysis (Bates,1989; Bates et al., 2004; Cushion et al., 20201; Dufek 

et al., 1995; James & Bates, 1997). Five metre time was also identified as an initial acceleration 

performance variable which was comparable to NAHEP over the first four steps, offering a practical 

measure to assess performance in response to technical interventions applied during early 

acceleration. Using the approach developed in Chapter 6 to characterise whole-body kinematic 

strategies, analyses were undertaken to understand how individual acceleration performance was 

reliant on changes in the Cartesian plane spatial location of participant-specific whole-body 
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kinematic strategies and the normalised spatiotemporal variables which underpinned these 

changes. Meaningful and statistically significant enhancements were observed in the acceleration 

performance of participants who were given an individual-specific technical intervention, in contrast 

to the lack of meaningful changes in acceleration performance of controls. An individual-specific 

strength-based intervention for a single participant led to favourable changes in their strength 

capacities and intended changes in their sprint technique kinematics, but this did not result in better 

acceleration performance. This is the first study to investigate how sprint acceleration performance 

and technique change following individual-specific interventions applied to athletes, based on their 

individual needs from prior analysis. The unique approach used bridges the gap between research 

and applied practice, using evidence-based individual-specific interventions to provide a way for 

practitioners working with professional rugby union backs, or other athletes competing in sports 

where initial acceleration performance is important, to individualise their sprint-based training 

practices. 
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CHAPTER 8: GENERAL DISCUSSION 

 

8.1 Introduction 

The overarching aim of this thesis was to understand how the technical and strength features of 

professional rugby backs related to their sprint performance during the initial steps and, informed 

by this advance in knowledge, to develop and apply an intervention framework to enhance their 

initial acceleration performance. The focus of the investigations undertaken in the programme of 

research to address this aim was formed by the research questions presented in Chapter 1. The 

key findings from the investigations reported in Chapters 3 to 7 to address these research 

questions are synthesised and discussed in this chapter alongside their practical implications. 

Finally, this chapter concludes with a reflective evaluation of the work undertaken and suggestions 

for potential directions of future work.     

 

8.2 Addressing the research questions 

Researchers who have previously investigated the initial sprint acceleration technical features of 

highly trained to world class (Tiers 3 to 5) athletes have typically studied track and field sprinters. 

Whilst sprint acceleration is an important feature for rugby backs, the extent to which the kinematic 

aspects of sprinters’ technique during the initial steps were transferable to rugby players was 

unknown. This led to the first research question: 

 

I. What are the differences in spatiotemporal variables and linear kinematics between 

professional rugby players and sprinters during the initial steps of a sprint, and how 

do they relate to performance? 

 

Two key aspects can be surmised from the investigation in Chapter 3 to address this research 

question which informed research undertaken in the subsequent chapters of this thesis: 1) 

meaningful differences were observed in nearly all spatiotemporal and linear kinematic variables 

between groups which, when combined with the between-group differences in gross performer 

constraints (e.g., body mass, stature), supported the premise that rugby backs sprint ‘differently’ to 

trained track & field sprinters who the majority of the existing knowledge is based upon and 

therefore ought to be considered in their own right for future study; 2) normalised toe-off distance 

was the only variable which showed a meaningful relationship with initial acceleration performance 
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(NAHEP) in each of the three groups (Figure 3.2), thus this technical feature and other kinematic 

aspects of technique (e.g., angular kinematics) that were not studied in this investigation warranted 

further investigation. These two aspects of the research are discussed next. 

 

Although multiple differences were observed between the technical features of each group, the 

only variables observed in backs to differ by a meaningful magnitude in the same direction 

compared with both rugby forwards and sprinters were step rate and contact time. That is, rugby 

backs produced greater step rates across all three steps compared to rugby forwards and 

sprinters, which were underpinned by shorter contact times. This showed that different preferential 

acceleration strategies may be adopted by different athlete groups, likely owing to inherent 

differences in their performer constraints (Newell, 1986), thus demonstrating that degeneracy 

exists during initial acceleration at the inter-group level. This provided some of the foundational 

work which led to research that was reported in later chapters (Chapters 6 and 7), which extended 

these findings and provided evidence for degeneracy existing at an inter-individual level also.  

 

Regarding normalised toe-off distance, this linear kinematic variable differed meaningfully between 

rugby backs, rugby forwards and sprinters, and was meaningfully related to NAHEP in each group. 

The ability to move the CM further forward of the foot at the end of the stance phase has been 

shown to characterise better accelerators in terms of propulsive impulse and to be strongly 

associated with a more forward oriented resultant GRF vector in the first step (Kugler & Janshen, 

2010; von Lieres Und Wilkau, 2020a). These GRF characteristics are known to be key 

determinants of acceleration performance (e.g., Morin et al., 2011; Morin et al., 2015a) and, 

therefore a more negative toe-off distance was identified as a potentially important variable during 

early acceleration steps.   

 

Further investigation of how the technical features adopted by rugby backs enable a more negative 

normalised toe-off distance was then required. It was also necessary to determine whether other 

technical features could explain a greater proportion in the variation of rugby backs’ initial 

acceleration performance. Accordingly, the second research question was proposed:  

 

II. How do angular kinematics and normalised spatiotemporal variables relate to the 

toe-off distance and initial acceleration performance of professional rugby backs? 
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In Chapter 4, six out of 23 technical features were meaningfully related to NAHEP, although these 

relationships were all small to moderate (the largest unique contribution to the variance in NAHEP 

was 24%), and only three were statistically significant. The results also showed that a more 

negative toe-off distance was explained mostly by longer normalised step lengths and longer 

normalised contact times, as well as participants’ angular kinematics at touchdown. However, the 

main finding of this study showed, unexpectedly, that normalised toe-off distance was not 

meaningfully related to NAHEP over the first four steps. Despite the correlation magnitude of this 

relationship falling within the expected range of values (90% CI) of the estimate for the same 

relationship in Chapter 3, this finding conflicted with data from the study presented in Chapter 3 

which had shown that toe-off distance was meaningfully related to the magnitude of NAHEP in 

each group studied.  

 

Two methodological differences between the investigations in Chapters 3 and 4 (toe-off distance 

was normalised to stature and determined with NAHEP over three steps in Chapter 3 but 

normalised to leg length and determined with NAHEP over four steps in Chapter 4) could not 

explain the conflicting finding (see Section 4.3.3, Chapter 4 and Table E.1, Appendix E). 

Furthermore, since the sprint-technique and acceleration performance data obtained throughout 

this thesis were determined to be reliable, the conflicting finding between Chapters 3 and 4 was not 

due to the degree of agreement between, or the consistency of, measurements. The smaller 

sample of rugby backs in Chapter 3 compared with Chapter 4 (Δ n = 10) may have inflated the 

magnitude of the relationship observed between normalised toe-off distance and NAHEP, since 

smaller sample sizes can increase the apparent size of an effect (Knudson, 2017), although the 

confidence limits did not overlap substantial positive and negative r values in Chapter 3. Therefore, 

sample size alone was unable to explain why normalised toe-off distance was meaningfully related 

to NAHEP in Chapter 3, but not in Chapter 4, despite the very similar populations which formed the 

samples in these investigations. Accordingly, these findings suggested that a consistent pattern in 

the relationships between rugby backs’ technical features during the initial steps and their initial 

acceleration performance may not exist across different samples from the same population. This 

implied that a single exemplar technique for high acceleration performance does not exist for rugby 

backs and therefore, on this basis, that group-based cross-sectional studies may be of limited 

value for certain purposes.  
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In isolation, normalised toe-off distance was not meaningfully related to NAHEP in Chapter 4, but 

when combined with normalised contact time these variables accounted for 37% of the variance in 

NAHEP, when controlling for body mass. This indicated that it may be of benefit to practitioners to 

consider normalised toe-off distance in combination with normalised contact time, rather than an 

independent technical feature during initial acceleration. The complexity of this relationship was 

evident through the different combinations of normalised toe-off distance and normalised contact 

time that were used by individuals to achieve high initial acceleration performance. Therefore, it 

was suggested that different combinations of normalised toe-off distance and normalised contact 

time were likely required for rugby backs to achieve their individual optimal initial sprint acceleration 

performance. These combinations were seemingly adopted by participants who produced longer 

normalised step lengths (in those with more negative toe-off distances) or higher normalised step 

rates (in those with shorter contact times) respectively. This level of inter-individual degeneracy in 

the context of performance during initial acceleration may explain the conflicting findings on the 

importance of these higher order spatiotemporal kinematic variables (i.e., step length, step rate, 

contact time and flight time) in this sprint phase (e.g., Debaere et al., 2013b; Murphy et al., 2003; 

Nagahara et al., 2018a). The different performer constraints between individuals, such as their 

strength-based characteristics, was theorised to be one explanation for the level of inter-individual 

degeneracy observed, which subsequently warranted investigation.       

 

As demonstrated by the research reported in Chapters 3 and 4, attempting to understand how 

individuals achieve high acceleration performance through their technical features is problematic 

owing to the multiple degrees of freedom available (Bernstein, 1967). When considering the 

movement solutions adopted by athletes through an ecological dynamics lens, which views 

behaviour as emerging through the interaction of task, environmental and performer constraints 

(Newell, 1986), important information can be obtained on how movement preferences may be 

influenced by their physical characteristics (performer constraints), such as their strength-based 

qualities. This led to the development of research questions III and IV as follows: 

 

III. How are lower limb strength qualities related to the performance of professional 

rugby backs during initial acceleration? 
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IV. What are the relationships between lower limb strength qualities and technical 

features, and how do their interactions associate with initial acceleration 

performance in professional rugby backs? 

 

Based on the meaningful relationships observed in Chapter 5 between several strength-based 

variables and NAHEP, some potentially important strength qualities for initial acceleration 

performance were identified (in isolation: hip torque, peak squat jump power and repeated jump 

height and RSI; in selected combinations: hip torque with repeated contact time). Whilst several 

meaningful relationships were identified between strength qualities and acceleration performance, 

for the strongest relationship determined, repeated jump height could still only uniquely explain 

17% of variance in NAHEP when controlling for body mass. Combined with the lack of statistically 

significant relationships, the importance of these strength qualities was evidently small, and it was 

still possible for participants to achieve high initial acceleration performance with low strength-

related capacities relative to their counterparts within a cohort of professional rugby backs. This is 

broadly consistent with other research which has investigated the relationships between the 

strength qualities of rugby backs and their initial acceleration performance, although this research 

has typically been conducted on rugby backs of a lower playing standard (e.g., Zabaloy et al., 

2020). Nonetheless, the findings in Chapter 5 may provide practitioners working with professional 

rugby union backs with information to develop ‘minimum’ strength-based thresholds to help guide 

their strength training interventions, where enhancing acceleration performance is the goal.  

 

Although using linear multiple regression models to determine how selected strength qualities 

combined with either hip or ankle joint angular kinematic technical features during the first four 

steps could explain the variance in NAHEP, only trivial to small non statistically significant effects 

were found. Considered alongside the empirical data in Chapters 3 and 4, these findings provided 

further evidence that, even when non-technical factors such as strength were also considered, 

multiple technique solutions could be adopted by professional rugby union backs to reach high 

acceleration performance. However, several stronger relationships were found between strength-

based variables and technical features. This suggested that although strength qualities and 

kinematic aspects of rugby backs’ technique do not collectively explain a meaningful amount of the 
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variation in acceleration performance, performer constraints such as strength qualities are likely to 

interact with the movement strategies adopted by athletes during the initial steps.   

 

After addressing research questions I to IV, two clear themes emerged. First, it was evident that no 

one single strategy leads to high acceleration performance. Consequently, when considering 

relationships across the whole group aggregated data from the cross-sectional investigations in 

Chapters 3 to 5 important information on the different strategies adopted by individuals during the 

initial steps of acceleration were overlooked. This is supported by evidence which highlights the 

need for caution when applying the conclusions drawn from group level data to their constituent 

individuals, since the former may not be reflective of the latter (e.g., Bates, 1989; Bates et al., 

2004; Fisher et al., 2018; James & Bates, 1997). The second theme to emerge was concerned with 

the limitations of considering how the technical features or strength qualities of rugby backs 

associate in isolation, or in selected combinations, with acceleration performance. Although some 

important insights were gleaned, this approach was not sufficient to explain how complex adaptive 

systems achieve high performance in sprint acceleration, where multiple system degrees of 

freedom coordinate to satisfy the demands of the task (Bernstein, 1967). Therefore, the remaining 

studies in this thesis (Chapters 6 and 7) aimed to advance the current research practice in this field 

by considering the performer as a complex system during the initial steps of sprinting rather than by 

its individual parts, since the system will organise as a function of ongoing interactions between its 

constituent parts.  Consequently, it was suggested that a whole-body approach focussing on a 

combination of higher order spatiotemporal variables in their dimensionless form which depict the 

outcome of an individual’s movement coordination in sprinting may provide a more viable ‘macro’ 

level portrayal of an acceleration strategy and could be used to better understand the different 

strategies adopted between individuals. These two themes resulted in the development of the next 

two research questions: 

 

V. To what extent do whole-body kinematic strategies differ within a group of 

professional rugby backs according to the combination of their normalised 

spatiotemporal variables during the first four steps, and what are the differences in 

technical features and strength qualities between these strategies? 

VI. How stable are intra-individual whole-body kinematic strategies during initial 

acceleration in professional rugby backs? 
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In the first phase of the research in Chapter 6, using hierarchical agglomerative cluster analysis, 

four clear participant groups were identified according to their combined normalised spatiotemporal 

variables during the first four steps of maximal effort sprinting. Significant differences in the 

technical features and strength qualities existed between clusters, but significant differences in 

NAHEP were not observed, showing that inter-athlete degeneracy exists in the context of 

performance during the initial acceleration of rugby backs. This supported the premise that a range 

of movement solutions can be adopted to satisfy the demands of sprint acceleration, and that the 

physical constraints of the performer (strength qualities in this instance) affect how they interact 

with their environment (e.g., Fajen et al., 2008), but that no specific combination of these 

consistently led to any higher levels of sprint acceleration performance. 

 

Another novel aspect of the research in Chapter 6 was the use of two ratios (length/rate and 

contact/flight) to provide a more refined depiction of the individual acceleration strategies adopted 

by participants and their groupings as identified by the cluster analysis. This provided a single 

visual representation of each individual’s whole-body acceleration strategy, characterised by its 

spatial location on a Cartesian plane. From an applied perspective such an approach will likely 

prove useful for practitioners since it could provide them with a way to monitor changes in 

acceleration strategies in response to interventions that they deliver. However, for this whole-body 

measurement to be used in this way, it was important to assess how stable the whole-body 

acceleration strategies of the participants were to ensure that any real changes in whole-body 

acceleration strategy could be detected with confidence by practitioners. In the second phase of 

the research in Chapter 6, the within-participant reliability of the whole-body measurement was 

determined to answer research question VI. Intra-individual level whole-body kinematic strategies 

were shown to be stable, thus individuals were likely self-organising at a more microscopic level 

(e.g., limb motions) to consistently create ordered patterns of behaviour at a more macroscopic 

level (e.g., normalised spatiotemporal variables), which is aligned with dynamical systems theory 

(Kauffman, 1993).  

 

The findings obtained to address the first six research questions pointed strongly to the need to 

adopt individual-based rather than group-based analyses to identify technical and strength-based 

factors that contribute meaningfully to individual performance. This premise is supported by 
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growing recognition that the findings of group-based aggregated data do not necessarily reflect any 

single individual within that group (e.g., Fisher et al., 2018) and an ecological perspective where 

the demands of a task, like sprinting, are thought to be solved in ways which are specific to 

individuals according to their task, environmental and performer constraints (Newell, 1986). 

Therefore, it was proposed that the whole-body kinematic strategies of individuals should be 

measured over multiple sprint trials, including on separate occasions, to determine how these 

strategies are associated with their initial acceleration performance. Practitioners can then use this 

information to develop individual-specific training programmes aimed at enhancing the initial 

acceleration performance of rugby backs, by identifying how the normalised spatiotemporal 

variables of individuals alter in relation to changes in their sprinting performance. This was made 

possible by the novel and rigorous framework developed in Chapter 6 for practitioners to monitor 

whole-body acceleration strategies, and the effectiveness of this approach was then tested in 

multiple longitudinal case-study interventions in Chapter 7. 

 

In Chapter 7, within-individual associations of the whole-body kinematic strategies, length/rate and 

contact/flight ratios and normalised spatiotemporal variables of 19 rugby backs with their 

acceleration performance during the first four steps were determined over 12 sprint trials (i.e., three 

sprint trials on four separate occasions), to address research question VII: 

 

VII. What are the within-individual relationships of whole-body kinematic strategies and 

normalised spatiotemporal variables with the initial acceleration performance of 

professional rugby backs during the first four steps? 

 

Adopting a similar approach to Salo et al. (2011), 11 out of 19 participants were found to 

individually rely on step length or step rate, where a meaningful relationship was evident between 

step length (n = 6) or step rate (n = 5) and NAHEP. However, participants were also shown to be 

reliant on other variables (whole-body kinematic strategies, length/rate and contact/flight ratios and 

normalised contact time and normalised flight time). Whole-body strategy was meaningfully related 

with acceleration performance in 12 of the 19 participants and, on average, was more strongly 

related to acceleration performance than the other sprint-technique variables analysed in isolation. 

This further highlights the importance of considering the motor behaviour of rugby backs at a 

holistic level during sprint acceleration. 
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The initial period in which within individual relationships were determined for participants was also 

used to establish baseline measures of initial acceleration performance (NAHEP and 5 m time) and 

technical features (whole-body strategy, length/rate and contact/flight ratios and normalised 

spatiotemporal variables in isolation) for eight of the 19 participants who then undertook an 

intervention or acted as controls during an 18-week period. Additionally, leg strength data, and 

associated angular and linear kinematics were also collected from one of these eight participants at 

a single timepoint during this period for a baseline reference of these strength variables. From the 

information on each individual’s ‘reliance’, a desired change in the Cartesian plane spatial location 

of each participant’s whole-body strategy was determined. Individual-specific interventions were 

applied to five participants (four sprint technique-based interventions and one strength-based 

intervention), based on the variable(s) they were found to be individually reliant on for better 

acceleration performance, whereas control participants (n = 3) underwent their usual training 

regime over the 18-week period. This enabled the next research question to be addressed: 

 

VIII. How do longitudinal individual-specific training interventions that focus on the 

variable(s) which specific professional rugby backs are reliant upon for better sprint 

performance affect their acceleration capabilities? 

 

The findings presented in Chapter 7 demonstrated the applied value of, and built on, the framework 

developed in Chapter 6 for practitioners to prescribe individual specific interventions and then 

monitor changes in individual acceleration strategies and performance over several months in 

response to the individual specific training undertaken. They also showed that desired changes in 

the kinematic aspects of a professional rugby back’s technique could be made through individual-

specific technical or strength-based interventions, which target the variables they are reliant on for 

better acceleration performance. 

 

Substantial changes in the acceleration strategies of intervention participants emerged generally 

towards the intended direction of change by the end of the intervention period, but not in those in 

the control condition. For participants T1-T4 (technical intervention), frequent technical focussed 

sprint repetitions appeared to bias their movement tendencies in the general direction of the 

intended technical focus during the final testing phase. However, these use-dependent aftereffects 
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(Diedrichsen et al., 2010; Mawase et al., 2017; Wood et al., 2020; Wood, 2021) appeared to 

subside between the penultimate and final testing phases (except for the variable participant T2 

was primarily reliant on, which remained the same). This suggested that these participants may 

have started to revert somewhat towards their movement preferences shaped by their intrinsic 

dynamics (Kostrubiec et al., 2012; Thelen, 1995) when the technical focus was removed during the 

final testing phase. However, in absolute terms, the magnitude of the changes in these technical 

features were still greater than the intra-individual CVs determined for the corresponding variables 

in the baseline period. Meaningfully large and statistically significant enhancements in NAHEP 

accompanied the changes in the technical features observed for these participants, demonstrating 

the success of focussing on technical features that individuals are reliant on for better sprint 

performance and the potential value of this for practitioners working with athletes in sport where 

sprint acceleration is important.  

 

Despite the largest change in whole-body strategy distribution and individual technical features 

across all participants being observed in participant S1 (strength intervention), these intended 

changes did not translate to a meaningful and statistically significant increase in their acceleration 

performance. However, whilst acceleration performance remained the same for participant S1, the 

same diminishing use-dependent aftereffects of the variables that participants T1-T4 were reliant 

on for better acceleration performance were not observed between the penultimate and final testing 

sessions for participant S1. This suggests more ‘permanent’ adaptations or retention of changes in 

technical features may be possible when meaningful changes to individual performer constraints 

(i.e., strength-based qualities) are elicited. It remains to be seen how the combination of a strength-

based and technical-based individual-specific intervention which focusses on the technical features 

an individual is primarily and secondarily reliant on for better acceleration performance affects 

acceleration performance. It is feasible that, for participant S1, a technical focus was required to 

transfer the strength-based changes made to better acceleration performance, although further 

research is also required to determine how other individual strength interventions influence 

acceleration technique and performance given that only a single participant underwent a strength 

intervention in the experimental work in this thesis.  

 

Collectively, the findings from this investigation suggested that individual-specific interventions are 

likely more effective at eliciting larger technical changes and, in the case of technical but not 
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strength interventions, greater enhancements in acceleration performance compared with a 

generalised ‘one-size-fits-all’ approach. However, individualising the training of a squad of rugby 

backs is more time consuming than a general group approach and determining the CM location at 

touchdown and toe-off for individuals when calculating NAHEP is a time-consuming process 

requiring multiple segment endpoints to be digitised. A more practical solution to measure initial 

acceleration performance longitudinally in response to changes in an athlete’s spatiotemporal 

variables may also be of benefit in the applied setting and was sought in Chapter 7. Therefore, to 

determine whether an alternative initial acceleration performance measure to NAHEP can be used 

so that actionable information can be obtained in a timelier manner a final research question was 

addressed: 

 

IX. How closely can the within-individual relationships of whole-body kinematic 

strategies and normalised spatiotemporal variables with NAHEP, and the within-

individual changes of these variables following individual-specific training 

interventions, be replicated using a more practical performance measure than 

NAHEP? 

 

Time to 5 m is a more practical alternative than the method used in this thesis to obtain NAHEP, 

which largely yielded the same insight. The use of time to 5 m as a performance measure was 

therefore proposed for four principal reasons. First, meaningful practically perfect and statistically 

significant group and within-individual relationships between NAHEP and 5 m time were observed. 

Second, the reliability of 5 m time was higher compared with NAHEP. Third, the differences in the 

correlation magnitudes between 5 m time and NAHEP with sprint technique variables were trivial to 

small and only differed in their directions on six out of 199 occasions and, even then, the 

differences in correlation magnitudes were trivial. Lastly, the statistically significant and/or 

meaningful changes observed in NAHEP between baseline testing and the final phase of testing 

were also observed as statistically significant and/or meaningful when replacing NAHEP with 5 m 

time. The outcome from these collective findings was that 5 m time is an appropriate acceleration 

measure, which can be obtained more quickly compared with NAHEP, to use when identifying 

variables that athletes are reliant on in the first four steps for better acceleration performance and it 

can be used to identify worthwhile changes in acceleration performance. 
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In conclusion, the study in Chapter 7 was the first to investigate how acceleration performance and 

technique of professional rugby backs change longitudinally following individual-specific 

interventions based on prior analysis of their individual needs. This evidence-based approach 

showed the potential value of considering the needs of each individual athlete and provided 

prospective evidence to demonstrate the theory proposed from the findings of previous chapters 

which suggested that a single optimal technique does not exist for all professional rugby backs.  

 

8.3 Critical reflections on the programme of research undertaken 

In this section, important considerations relating to the methods used in the investigations 

conducted throughout this thesis will be discussed. This includes the sample studied, the external 

validity and rigour of research conducted, and the balance struck between this external validity and 

the internal validity and reliability of the data obtained. 

 

A well-known challenge of research on high performance athletes is that it is usually limited to 

investigating a relatively small sample size (e.g., Bernards et al., 2017). The participant numbers in 

the group-based studies (n = 15 to 35) throughout the chapters in this thesis are comparable, if not 

large, based on the similar biomechanical studies in the literature (e.g., participant numbers in the 

following studies which focussed on the initial acceleration kinematics of team sport players and 

sprinters, and were widely cited in this thesis, range from 4 to 24: Bezodis et al., 2018; Bezodis at 

al., 2017; Bezodis et al., 2010; Debeare et al., 2013b; Ettema et al., 2016; Lockie et al., 2011; 

Murphy et al., 2003). Not only were these sample sizes at least comparable to previously published 

sample sizes, but the characteristics of the participants sampled through the studies in this thesis 

were such that they were all elite to world class (Tiers 4 to 5) rugby players (competing in the 

English Premiership, and in some cases internationally), whereas the team sport players in the 

aforementioned research were competing at amateur levels (mostly Tiers 2 to 3). If the sample size 

through this thesis had been expanded, this would likely have meant diluting the level of 

participant, which in turn would likely have affected the results. Therefore, on balance it was 

deemed better to maintain the participant standard rather than increase the sample size with a 

lower level of participant, particularly given that the numbers studied were on the higher end in the 

context of comparable literature.  
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The move to a multiple single participant study design in the final investigation was an important 

transition to examine how individuals with their own unique characteristics responded to the 

interventions applied. However, due to the applied nature of the experimental research, the number 

of participants decreased from 19 to eight (drop out due to injury and/or changes in training 

schedules). This reduced the number of opportunities to assess the relative effectiveness of 

individual-specific technique-based interventions (n = 4) and, particularly, strength-based 

interventions, which was only applied to a single participant (three participants were controls). 

However, one of the strong aspects of the investigations conducted throughout this thesis is the 

external validity of the data which was collected within the habitual training environment of 

professional rugby union backs, rather than as a separate standalone laboratory-based research 

study which would not reflect their true practise. Accordingly, the findings from these investigations 

can be generalised to true applied contexts of professional rugby backs. The experimental 

investigation conducted in which individual specific interventions were applied across an 18-week 

period was the first study to longitudinally assess changes in kinematic aspects of technique and 

acceleration performances of rugby backs in response to prior assessment of their individual 

needs, thus yielding much-needed novel insight regarding effective methods of training to enhance 

the acceleration performance of athletes. 

 

To ensure the data collected throughout the investigations in this thesis were externally valid, it was 

important to use a method to collect these data in a non-intrusive manner. Although marker-based 

laboratory three-dimensional motion capture is considered the ‘gold-standard’ for obtaining 

kinematic data, this would not have been practical to use within the routine training environment of 

professional rugby backs. Accordingly, data were obtained using manual two-dimensional video 

analysis. The reliability of the approach used was demonstrated by the good to excellent intra-rater 

reliability for variables determined (ICC range = 0.76 to 0.97), and the precision of the consistency 

of measures that were obtained across multiple sprint trials (for example, mean within individual 

CVs for kinematic and acceleration performance variables range = 2.1% to 6.5%). Therefore, 

variables could be collected accurately and reliably, providing assurance when drawing 

conclusions from results. The robustness of the methods used in this thesis were also 

demonstrated by considering the variability (combination of biological and test variability) 

associated with each variable obtained so that clear comparisons between participant groups could 

be made and to ensure that any changes detected during the analysis were representative of a 
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‘real’ change during the experimental research. For instance, in Chapter 7 using a sequential 

estimation technique (Clarkson et al., 1980; Preatoni et al., 2013) six to 10 trials were found to be 

the minimum number of sprints required across individuals to determine stable means for each 

variable. This highlighted the importance of using appropriate experimental designs and data 

processing which account for issues concerning the natural variability of human motion (Preatoni et 

al., 2013), and suggests that caution should be applied when drawing conclusions from intervention 

studies where single timepoints are used to measure pre and post changes in sprint technique and 

performance. This information was then used when detecting differences in acceleration technique 

and performance pre and post intervention using three criteria to detect changes in these variables: 

1) when effect sizes were larger than 0.20 (smallest worthwhile difference, Hopkins, 2002); 2) when 

the absolute differences (%) were greater than the intra-individual CVs for the selected variable 

(Turner et al., 2021); 3) when differences were statistically significant (p ≤ 0.05). Collectively, the 

methodological approach used was rigorous and enabled the collection of externally valid data.   

 

Controlling task and environmental constraints were necessary so that accurate information could 

be obtained and that appropriate interpretations of findings could be made. Whilst controlling 

constraints was important for the quality of data obtained, the environmental (e.g., weather), task 

(e.g., sprint start conditions) and performer constraints (e.g., fatigue) imposed on rugby backs will 

be subject to change during match-play. Therefore, whilst it was possible to determine the within-

individual relationships between participants’ acceleration strategies and acceleration performance 

to identify their ‘reliance’ during testing, it is feasible that these relationships may differ as the 

constraints imposed on them change during a match. Therefore, the technical foci applied to 

participants T1-T4 in Chapter 7 may not always have been ‘optimal’ for those individuals at all 

times during a rugby match, and they may also change over time due to changes in their physical 

constraints which result from the training programmes they undertake. Therefore, being ‘adaptable’ 

with their acceleration strategy is also an important factor to consider in the sprint training of rugby 

backs. That said, as ideal as it would be to reflect the ‘chaotic’ nature of match-play, it was 

important to at least have a reliable measurement of the acceleration technical characteristics and 

performances of rugby backs in a setting where task and environmental constraints were as 

controlled as they could be.   
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8.4 Directions for future research 

The research studies and their associated findings presented in this thesis have advanced 

knowledge regarding the factors that contribute to the initial acceleration performance of 

professional rugby backs and the development of a novel evidence-based framework to enhance 

their initial acceleration performance. However, it has also highlighted where further insights could 

continue to be gained though future work.  

 

Although the technical features of participants following individual-specific interventions changed in 

the direction of the intended technical changes by the end of the intervention in Chapter 7, only the 

technical-based interventions led to increased acceleration performance. Since only one participant 

underwent a strength-based intervention due to participant drop out, further single participant 

strength-based interventions are required to determine whether similar findings can be observed, 

and the extent to which individual-specific combined technical and strength-based interventions 

might translate to enhancements in acceleration performance. Other methods of training such as 

the use of wearable resistance when sprinting, which has been investigated in rugby players 

previously (Feser et al., 2021) and has shown to cause acute changes in step rate during 

acceleration (Macadam et al., 2020), could also prove useful in facilitating technical changes during 

the initial steps.  

 

The technical foci applied to the technical intervention participants in Chapter 7 biased their future 

motor actions in the direction of the technical focus given, but the extent of these changes subsided 

somewhat in the final testing phase where no technical focus was applied during their sprint 

training (although the changes had not returned to baseline levels and were still meaningfully and 

statistically different). It is feasible that a different practice design may have led to better retention 

of the changes in technique and performance. For example, increased variability and contextual 

interference during training are proposed to increase the learning and retention of performance in 

motor skills (e.g., Hodges & Lohse, 2022; Hodges & Lohse, 2020). Future research is therefore 

needed to investigate the extent to which changes in the kinematic aspects of rugby backs’ 

technique and their acceleration performance are retained over different durations following 

interventions of different practice design, length, and density of technically focussed sprint training 

and different intervention types.  
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As already alluded to in Section 8.3 the changing constraints imposed on rugby backs during a 

match will likely require different movement solutions to optimise acceleration performance. 

Therefore, an advance in knowledge could be gained by investigating how the whole-body 

acceleration strategies of rugby backs differ when task (e.g., sprinting competitively or whilst 

carrying a ball or from a rolling start), environmental (e.g., playing surface) or performer (e.g., 

sprinting when fatigued) constraints are manipulated, and by determining how the variable(s) 

participants are reliant on for better acceleration performance change in response to the changes 

in these constraints. Since performer constraints will change over time in response to the training 

undertaken by rugby backs, and due to other factors such as age, a greater number of repeat 

observations over longer periods are required to determine whether the within-individual 

relationships between their whole-body strategies and acceleration performance change over these 

time periods. This would help practitioners to manipulate their technical interventions in response to 

changes in these within-individual relationships to continually enhance, or at least prevent a decline 

in, acceleration performance over time. In Chapter 7 the potential performance enhancements of 

the technically focussed interventions based on the within individual relationships between whole-

body strategy and acceleration performance appeared to be greater in individuals whose whole-

body strategies were initially more strongly related to performance.  Therefore, it would also be 

interesting to explore whether the magnitude of the reliance becomes weaker and gains in 

acceleration performance diminish as the variable(s) an individual is reliant on change towards the 

intended direction.  

 

Furthermore, whilst targeting the variables participants were reliant on for better acceleration 

performance during speed training sessions and during warm-ups prior to rugby training and 

matches led to better acceleration performance in field-based testing (Chapter 7), it is not known 

how the intervention impacted their acceleration performance during match play. Quantifying 

acceleration performance accurately during match-play is challenging and only currently possible 

through wearable technology, like GPS. A recent method to derive sprint acceleration force-velocity 

profiles from GPS data collected in-situ during the sports training of soccer players (Morin et al., 

2021) may provide an opportunity to assess how a rugby backs’ match-play acceleration 

performance changes in response to individual-specific interventions. To date, however, the 
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reliability of the method to measure acceleration profiles is yet to be tested during matches and the 

dynamic nature of match-play means it would be challenging to control.    

 

8.5 Practical implications for coaches 

As alluded to within this thesis (Chapters 2 and 3 in particular), most of the information available in 

the literature on sprint technique, prior to this programme of research, has been conducted on track 

sprinters. Perhaps in part because of this, it has been commonplace for coaches and practitioners 

who undertake speed training within team sport settings, like rugby, to convey a single correct 

technique to the athletes they work with primarily based on the movement patterns apparently 

observed in track sprinters. Basing the sprinting interventions of team sport players on the 

movement patterns of the fastest of all athletes in this way would seem sensible. However, from an 

ecological dynamics perspective this approach does not consider how differences in the 

environmental, task and performer constraints imposed between team sport players and track 

sprinters may result in different movement strategies to optimise sprinting performance during the 

initial steps in their respective sports. Moreover, this approach also discounts the likely differences 

in performer constraints between athletes within the same sport even when the environmental and 

task constraints (and in-game positional requirements) are the same. The work in this thesis 

provides evidence to suggest that the approach taken to base the sprint technique training of backs 

on the movement patterns adopted by track sprinters and to ascribe to a one-size-fits-all ideal 

movement template during initial acceleration is not as effective as applying interventions based on 

the individual needs of a given player.  

 

Multiple physical, technical, and tactical qualities are required to compete in team sports at a high 

level. Consequently, the time for a team sport player to develop any single, but important, physical 

quality, such as their sprinting speed, is limited. Therefore, the opportunity offered by the 

framework developed in this thesis to integrate individual-specific sprint technique interventions 

seamlessly within a team sport player’s habitual training week is likely an attractive prospect for 

coaches or other practitioners working in team sports (and potentially other non-team sports in 

which sprint acceleration is also important). Although the initial investigations in this thesis 

(Chapters 3 to 6) involved a relatively complex undertaking of exploratory research, this was 

necessary to develop the aforementioned framework, and the steps needed to adopt the approach 

used to individualise the sprint technique interventions of team sport players is straightforward:  
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1) Determine the within-individual relationships of whole-body kinematic strategies and normalised 

spatiotemporal variables with the acceleration performance of each individual during a baseline 

period to identify which variable(s) they are reliant on for higher performance in this sprint phase. 

 

2) Based on the information obtained in step 1, work with the team sport players to identify the 

focus of attention which results in a shift in their acceleration strategy towards the direction of the 

intended technical change. 

 

3) Use opportunities within the training week (e.g., at the end of warm-ups prior to sport training 

sessions and matches or during sprint efforts during stand-alone speed training sessions) for 

players to focus on their technical prompts during sprint efforts. 

 

4) After a defined period of time, measure changes in their acceleration strategy and acceleration 

performance to determine the effectiveness of the intervention applied and to establish whether 

their individual needs have changed, thus helping to inform their subsequent training requirements.  

 

Steps 1 and 2 can easily be implemented within the pre-season phase of the training year and 

whilst it is clearly important that the testing being conducted is done so in a robust, standardised 

and reliable manner, the time it takes to record three sprint trials across a cohort of athletes within 

testing sessions is minimal whilst an appropriate training stimulus is also being applied at the same 

time. Once the work to identify the technical focus needed for each individual during a baseline 

period has been conducted and quality checked to ensure that the prompts used result in a shift in 

strategy towards the direction of the intended change, even less work is involved when applying 

the technical-based interventions. Players, under supervision or ‘checked’ where necessary, can 

focus on their technical prompts without extra coaching input, thus applying the technical 

intervention does not have to be labour intensive on the coach or practitioner’s behalf. The added 

benefit here is that an individualised approach to technique-based sprint training can be applied to 

a large group during the same sprint training session. For instance, provided each individual (or 

sub-group where relevant) has their own technical prompt to follow, it is not necessary for the team 

sport players to undertake different sprinting tasks to one another within the speed training session 

and sprinting volume and frequency can remain the same across the group. In the event where 

coaches or other practitioners may want to facilitate sprint-technique changes during acceleration 
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towards the direction of an intended change in acceleration strategy, relationships between the 

strength qualities and technical features of the rugby backs studied in this thesis (Chapter 5) have 

been presented and preliminary insights on how an individualised strength programme may be 

used in this context has been detailed in a single-participant case study in Chapter 7. Ultimately, 

the current framework developed provides a unique approach for coaches and other practitioners 

to integrate individualised sprint acceleration-based interventions into their field-based training 

environment, thus offering a valuable service to the athletes they work with and their employers.   

 

8.6 Thesis conclusion  

The aim of this thesis was to understand how the technical and strength features of professional 

rugby backs relate to their sprint performance during the initial steps and, informed by this advance 

in knowledge, to develop and apply a framework to enhance their initial acceleration performance. 

To meet this aim, a series of exploratory and experimental investigations were conducted to 

address nine research questions. Differences in aspects of acceleration technique were first 

identified between rugby backs, rugby forwards and sprinters. A wider range of technique-based 

and strength-based data were then collected from rugby backs. The associations of these 

characteristics independently and in select combinations with acceleration performance were 

determined, as were the relationships between the strength qualities and technical features 

obtained. To further the understanding of the motor behaviour adopted by rugby backs during initial 

acceleration, cluster analysis was used to identify four different sub-groups among a wider group of 

rugby backs according to the combination of their normalised spatiotemporal variables. Strength-

qualities, linear and angular kinematics of participants were compared between each sub-group. 

Using a method to depict the combination of these variables as whole-body kinematic acceleration 

strategies, a novel framework was developed to provide practitioners with a way to longitudinally 

assess the efficacy of their technical sprint-training interventions. The application of this framework 

was then demonstrated and advanced using an evidence-based approach which applied individual-

specific interventions to multiple single participants, enhancing their initial acceleration 

performance. 



  

243 
 

REFERENCES 

 
Abedanzadeh, R., Becker, K., & Mousavi, S. (2021). Both a holistic and external focus of attention 
enhance the learning of a badminton short serve. Psychological Research, 86(1), 141-149. 
doi:10.1007/s00426-021-01475-9 
 
Alcaraz, P., Carlos-Vivas, J., Oponjuru, B., & Martínez-Rodríguez, A. (2018). The effectiveness of 
resisted sled training (RST) for sprint performance: A systematic review and meta-analysis. Sports 
Medicine, 48(9), 2143-2165. doi:10.1007/s40279-018-0947-8 
 
Alves, J., Rebelo, A., Abrantes, C., & Sampaio, J. (2010). Short-term effects of complex and 
contrast training in soccer playersʼ vertical jump, sprint, and agility abilities. Journal of Strength and 
Conditioning Research, 24(4), 936-941. doi:10.1519/JSC.0b013e3181c7c5fd 
 
Androulakis-Korakakis, P., Fisher, J., & Steele, J. (2020). The minimum effective training dose 
required to increase 1RM strength in resistance-trained men: A systematic review and meta-
analysis. Sports Medicine, 50(4), 751-765. doi:10.1007/s40279-019-01236-0 
 
Arampatzis, A., Bruggemann, G., & Metzler, V. (1999). The effect of speed on leg stiffness and 
joint kinetics in human running. Journal of Biomechanics, 32(12), 1349-1353. doi:S0021-
9290(99)00133-5 [pii] 
 
Atkinson, G., & Nevill, A. M. (1998). Statistical methods for assessing measurement error 
(reliability) in variables relevant to sports medicine. Sports Medicine, 26(4), 217-238. 
doi:10.2165/00007256-199826040-00002 
 
Atwater, A. (1982). Kinematic analyses of sprinting. Track and Field Quarterly Review, 82, 12-16.  
 
Austin, D., Gabbett, T., & Jenkins, D. (2011a). Repeated high intensity exercise in professional 
rugby union. Journal of Sports Sciences, 29(10), 1105-1112. doi:10.1080/02640414.2011.582508  
 
Austin, D., Gabbett, T., & Jenkins, D. (2011b). The physical demands of Super 14 rugby union. 
Journal of Science and Medicine in Sport, 14(3), 259-263. doi.org/10.1016/j.jsams.2011.01.003 
 
Baker, D., & Nance, S. (1999). The relation between running speed and measures of strength and 
power in professional rugby league players. The Journal of Strength & Conditioning Research, 
13(3)  
 
Baroni, B., Rodrigues, R., Franke, R., Geremia, J., Rassier, D., & Vaz, M. (2013). Time course of 
neuromuscular adaptations to knee extensor eccentric training. International Journal of Sports 
Medicine, 34(10), 904-911. doi:10.1055/s-0032-1333263 
 
Barr, M., & Nolte, W. (2011). Which measure of drop jump performance best predicts sprinting 
speed? Journal of Strength and Conditioning Research, 25(7), 1976-1982. 
doi:10.1519/JSC.0b013e3181e4f7ba [doi] 
 
Bates, B. (1989). Comment on ‘The influence of running velocity and midsole hardness on external 
impact forces in heel-toe running’. Journal of Biomechanics, 22(8), 963-965. doi:10.1016/0021-
9290(89)90081-X 
 
Bates, B., James, R., & Dufek, J. (2004). Single-subject analysis. In N. Stergiou (Ed.), Innovative 
analyses of human movement: Analystical tools for human movement research (pp. 3-28). 
Champaign, IL: Human Kinetics. 
 
Bernards, J., Sato, K., Haff, G., & Bazyler, C. (2017). Current research and statistical practices in 
sport science and a need for change. Sports (Basel), 5(4), 87. doi:10.3390/sports5040087 
 
Bernstein, N. A. (1967). The co-ordination and regulation of movements (1st ed.). Oxford: 
Pergamon Press. 
 



  

244 
 

Bezodis, I., Kerwin, D., Cooper, S., & Salo, A. (2018). Sprint running performance and technique 
changes in athletes during periodized training: An elite training group case study. International 
Journal of Sports Physiology and Performance, 13(6), 755-762. doi:10.1123/ijspp.2017-0378 [doi] 
 
Bezodis, I., Kerwin, D., & Salo, A. (2008). Lower-limb mechanics during the support phase of 
maximum-velocity sprint running. Medicine and Science in Sports and Exercise, 40(4), 707-715. 
doi:10.1249/MSS.0b013e318162d162 
 
Bezodis, N., Colyer, S., Nagahara, R., Bayne, H., Bezodis, I., Morin, J.-B., Murata, M., & 
Samozino, P. (2020, preprint). Understanding ratio of forces during early acceleration: Calculation 
considerations and implications for practice. SportRχiv. doi.org/10.31236/osf.io/742nv 
 
Bezodis, N., North, J., & Razavet, J. (2017). Alterations to the orientation of the ground reaction 
force vector affect sprint acceleration performance in team sports athletes. Journal of Sports 
Sciences, 35(18), 1817-1824. doi:10.1080/02640414.2016.1239024 
 
Bezodis, N., Trewartha, G., & Salo, A. (2015). Understanding the effect of touchdown distance and 
ankle joint kinematics on sprint acceleration performance through computer simulation. Sports 
Biomechanics, 14(2), 232-245. doi:10.1080/14763141.2015.1052748 
 
Bezodis, N., Salo, A., & Trewartha, G. (2014). Lower limb joint kinetics during the first stance phase 
in athletics sprinting: Three elite athlete case studies. Journal of Sports Sciences, 32(8), 738-746. 
doi:10.1080/02640414.2013.849000 
 
Bezodis, N., Salo, A., & Trewartha, G. (2010). Choice of sprint start performance measure affects 
the performance-based ranking within a group of sprinters: Which is the most appropriate 
measure? Sports Biomechanics, 9(4), 258-269. doi:10.1080/14763141.2010.538713 [doi] 
 
Boraczyński, M., Boraczyński, T., Podstawski, R., Wójcik, Z., & Gronek, P. (2020). Relationships 
between measures of functional and isometric lower body strength, aerobic capacity, anaerobic 
power, sprint and countermovement jump performance in professional soccer players. Journal of 
Human Kinetics, 75(1), 161-175. doi:10.2478/hukin-2020-0045 
 
Bracic, M., Hadzic, V., Coh, M., & Dervisevic, E. (2011). Relationship between time to peak torque 
of hamstrings and sprint running performance. Isokinetics and Exercise Science, 19(4), 281-286. 
doi:10.3233/ies-2011-0426 
 
Brazier, J., Antrobus, M., Stebbings, G., Day, S., Callus, P., Erskine, R., Bennett, M., Kilduff, L., & 
Williams, A. (2020). Anthropometric and physiological characteristics of elite male rugby athletes. 
Journal of Strength and Conditioning Research, 34(6), 1790-1801. 
doi:10.1519/JSC.0000000000002827 
 
Brazil, A., Needham, L., Palmer, J., & Bezodis, I. (2021). A comprehensive biomechanical analysis 
of the barbell hip thrust. PloS One, 16(3), e0249307. doi:10.1371/journal.pone.0249307 
 
Brazil, A., Exell, T., Wilson, C., Willwacher, S., Bezodis, I., & Irwin, G. (2017). Lower limb joint 
kinetics in the starting blocks and first stance in athletic sprinting. Journal of Sports Sciences, 
35(16), 1629-1635. doi:10.1080/02640414.2016.1227465 
 
Brechue, W. F., Mayhew, J. L., & Piper, F. C. (2010). Characteristics of sprint performance in 
college football players. Journal of Strength and Conditioning Research, 24(5), 1169-1178. 
doi:10.1519/JSC.0b013e3181d68107 [doi] 
 
Bret, C., Rahmani, A., Dufour, A., Messonnier, L., & Lacour, J. (2002). Leg strength and stiffness 
as ability factors in 100-m sprint running. Journal of Sports Medicine and Physical Fitness, 42(3), 
274-281.  
 
Bridgeman, L., & Gill, N. (2021). The use of global positioning and accelerometer systems in age-
grade and senior rugby union: A systematic review. Sports Medicine - Open, 7(1), 15. 
doi:10.1186/s40798-021-00305-x 
 

https://doi.org/10.31236/osf.io/742nv


  

245 
 

Brito, J., Vasconcellos, F., Oliveira, J., Krustrup, P., & Rebelo, A. (2014). Short-term performance 
effects of three different low-volume strength-training programmes in college male soccer players. 
Journal of Human Kinetics, 40(1), 121-128. doi:10.2478/hukin-2014-0014 
 
Brown, N., Bubeck, D., Haeufle, D., Weickenmeier, J., Kuhl, E., Alt, W., & Schmitt, S. (2017). 
Weekly time course of neuro-muscular adaptation to intensive strength training. Frontiers in 
Physiology, 8, 329. doi:10.3389/fphys.2017.00329 
 
Button, C., Seifert, L., Chow, J., Araujo, D., & Davids, K. (2020). Dynamics of skill acquisition: An 
ecological dynamics approach. an ecological dynamics approach (2nd ed.). Champaign, IL: Human 
Kinetics. 
 
Cahill, N., Lamb, K., Worsfold, P., Headey, R., & Murray, S. (2013). The movement characteristics 
of English Premiership rugby union players. Journal of Sports Sciences 31(3), 229–237. doi: 
10.1080/02640414.2012.727456 
 
Campbell, P., Peake, J., & Minett, G. (2018). The specificity of rugby union training sessions in 
preparation for match demands. International Journal of Sports Physiology and Performance, 
13(4), 496-503. doi:10.1123/ijspp.2017-0082 [doi] 
 
Cavagna, G. A., Komarek, L., & Mazzoleni, S. (1971). The mechanics of sprint running. The 
Journal of Physiology, 217(3), 709-721.  
 
Challis, J. (1999). A procedure for the automatic determination of filter cutoff frequency for the 
processing of biomechanical data. Journal of Applied Biomechanics, 15(3), 303-317. 
doi:10.1123/jab.15.3.303 
 
Charalambous, L., Irwin, G., Bezodis, I., & Kerwin, D. (2012). Lower limb joint kinetics and ankle 
joint stiffness in the sprint start push-off. Journal of Sports Sciences, 30(1), 1-9. 
doi:10.1080/02640414.2011.616948 
 
Chelly, M., Chérif, N., Amar, M., Hermassi, S., Fathloun, M., Bouhlel, E., Tabka, Z., & Shephard, J. 
(2010). Relationships of peak leg power, 1 maximal repetition half back squat, and leg muscle 
volume to 5-m sprint performance of junior soccer players. Journal of Strength & Conditioning 
Research, 24(1), 266-271. doi: 10.1519/JSC.0b013e3181c3b298 
 
Chelly, M., & Denis, C. (2001). Leg power and hopping stiffness: Relationship with sprint running 
performance. Medicine and Science in Sports and Exercise, 33(2), 326-333. 
doi:10.1097/00005768-200102000-00024 
 
Chen, Y., Garcia-Vergara, S., & Howard, A. (2019). Number of trials necessary to achieve 
performance stability in a reaching kinematics movement analysis game. Journal of Hand Therapy, 
33(3), 371-377. doi:10.1016/j.jht.2019.04.001 
 
Clark, K., Meng, C., & Stearne, D. (2020). 'Whip from the hip': Thigh angular motion, ground 
contact mechanics, and running speed. Biology Open, 9(10), bio053546. doi:10.1242/bio.053546 
 
Clark, K., Ryan, L., & Weyand, P. (2017). A general relationship links gait mechanics and running 
ground reaction forces. Journal of Experimental Biology, 220(2), 247-258. doi:10.1242/jeb.138057 
 
Clarkson, P., Katch, F., Kroll, W., Lane, R., & Kamen, G. (1980). Regional adipose cellularity of 
college males and reliability of adipose cell measures. American Journal of Clinical Nutrition, 33, 
2245-2252.  
 
Coh, M., & Tomazin, K. (2006). Kinematic analysis of the sprint start and acceleration from the 
blocks. New Studies in Athletics, (3), 23-33.  
 
Cohen, J. (2013). Statistical power analysis for the behavioral sciences (2nd ed.). GB: Routledge 
Ltd. doi:10.4324/9780203771587  
 
Colyer, S., Nagahara, R., & Salo, A. (2018). Kinetic demands of sprinting shift across the 
acceleration phase: Novel analysis of entire force waveforms. Scandinavian Journal of Medicine & 
Science in Sports, 28(7), 1784-1792. doi:10.1111/sms.13093 



  

246 
 

 
Comfort, P., Haigh, A., & Matthews, M. (2012). Are changes in maximal squat strength during 
preseason training reflected in changes in sprint performance in rugby league players? Journal of 
Strength and Conditioning Research, 26(3), 772-776. doi:10.1519/JSC.0b013e31822a5cbf 
 
Comyns, T., Flanagan, E., Fleming, S., Fitzgerald, E., & Harper, D. (2019). Interday reliability and 
usefulness of reactive strength index derived from two maximal rebound jump tests. International 
Journal of Sports Physiology and Performance, 14(9), 1200-1204. doi:10.1123/ijspp.2018-0829 
 
Coratella, G., Beato, M., Milanese, C., Longo, S., Limonta, E., Rampichini, S., Cè, E., Bisconti, A., 
Schena, F., & Esposito, F. (2019). Specific adaptations in performance and muscle architecture 
after weighted jump-squat vs. body mass squat jump training in recreational soccer players. 
Journal of Strength and Conditioning Research, 32(4), 921-929. 
doi:10.1519/JSC.0000000000002463 
 
Crewther, B., Lowe, T., Weatherby, R., Gill, N., & Keogh, J. (2009). Neuromuscular performance of 
elite rugby union players and relationships with salivary hormones. Journal of Strength and 
Conditioning Research, 23(7), 2046-2053. doi:10.1519/JSC.0b013e3181b73c19 [doi] 
 
Cronin, J., & Hansen, K. (2005). Strength and power predictors of sports speed. Journal of 
Strength and Conditioning Research, 19(2), 349-357. doi:14323 [pii] 
 
Cross, M. R., Brughelli, M., Brown, S. R., Samozino, P., Gill, N. D., Cronin, J. B., & Morin, J. B. 
(2015). Mechanical properties of sprinting in elite rugby union and rugby league. International 
Journal of Sports Physiology and Performance, 10(6), 695-702. doi:10.1123/ijspp.2014-0151 [doi] 
 
Cunningham, D., Shearer, D., Drawer, S., Pollard, B., Cook, C., Bennett, M., Russell, M., & Kilduff, 
L. (2018). Relationships between physical qualities and key performance indicators during match-
play in senior international rugby union players. PloS One, 13(9), e0202811. 
doi:10.1371/journal.pone.0202811 
 
Cunningham, D., West, D., Owen, N., Shearer, D., Finn, C., Bracken, R., Crewther, B., Scott, P., 
Cook, C., & Kilduff, L. (2013). Strength and power predictors of sprinting performance in 
professional rugby players. The Journal of Sports Medicine and Physical Fitness, 53(2), 105-111. 
doi:R40133635 [pii] 
 
Cushion, E., North, J., & Cleather, D. (2021). Differences in motor control strategies of jumping 
tasks, as revealed by group and individual analysis. Journal of Motor Behavior, 54(1), 44-56. 
doi:10.1080/00222895.2021.1886036 
 
Czasche, M., Goodwin, J., Bull, A., & Cleather, D. (2018). Effects of an 8-week strength training 
intervention on tibiofemoral joint loading during landing: A cohort study. BMJ Open Sport & 
Exercise Medicine, 4(1), e000273. doi:10.1136/bmjsem-2017-000273 
 
Dalleau, G., Belli, A., Viale, F., Lacour, J., & Bourdin, M. (2004). A simple method for field 
measurements of leg stiffness in hopping. International Journal of Sports Medicine, 25(3)., 170-
176. doi:10.1055/s-2003-45252 
 
Davids, K., Hristovski, R., Araújo, D., Balague Serre, N., Button, C., & Passos, P. (2014). Complex 
systems in sport. London: Routledge. doi:10.4324/9780203134610  
 
Davids, K., Araújo, D., Vilar, L., Renshaw, I., & Pinder, R. (2013). An ecological dynamics approach 
to skill acquisition: Implications for development of talent in sport. Talent Development and 
Excellence, 5(1), 21-34. 
 
Davids, K., Button, C., & Bennett, S. (2008). Dynamics of skill acquisition. Champaign, IL: Human 
Kinetics. 
 
de Leva, P. (1996). Adjustments to Zatsiorsky-Seluyanov's segment inertia parameters. Journal of 
Biomechanics, 29(9), 1223-1230. doi:0021929095001786 [pii] 
 
Debaere, S., Vanwanseele, B., Delecluse, C., Aerenhouts, D., Hagman, F., & Jonkers, I. (2017). 
Joint power generation differentiates young and adult sprinters during the transition from block start 



  

247 
 

into acceleration: A cross-sectional study. Sports Biomechanics, 16(4), 452-462. 
doi:10.1080/14763141.2016.1234639 [doi] 
 
Debaere, S., Delecluse, C., Aerenhouts, D., Hagman, F., & Jonkers, I. (2015). Control of propulsion 
and body lift during the first two stances of sprint running: A simulation study. Journal of Sports 
Sciences, 33(19), 2016-2024. doi:10.1080/02640414.2015.1026375 [doi] 
 
Debaere, S., Delecluse, C., Aerenhouts, D., Hagman, F., & Jonkers, I. (2013a). From block 
clearance to sprint running: Characteristics underlying an effective transition. Journal of Sports 
Sciences, 31(2), 137-149. doi:10.1080/02640414.2012.722225 
 
Debaere, S., Jonkers, I., & Delecluse, C. (2013b). The contribution of step characteristics to sprint 
running performance in high-level male and female athletes. Journal of Strength and Conditioning 
Research, 27(1), 116-124. doi:10.1519/JSC.0b013e31825183ef [doi] 
 
Deutsch, M. U., Kearney, G. A., & Rehrer, N. J. (2007). Time - motion analysis of professional 
rugby union players during match-play. Journal of Sports Sciences, 25(4), 461-472. doi:771195102 
[pii] 
 
Diedrichsen, J., White, O., Newman, D., & Lally, N. (2010). Use-dependent and error-based 
learning of motor behaviors. The Journal of Neuroscience, 30(15), 5159-5166. 
doi:10.1523/JNEUROSCI.5406-09.2010 
 
Dorn, T., Schache, A., & Pandy, G. (2012). Muscular strategy shift in human running: Dependence 
of running speed on hip and ankle muscle performance. The Journal of Experimental Biology, 
215(Pt 11), 1944-1956. doi:10.1242/jeb.064527 [doi] 
 
Dowson, M., Nevill, E., Lakomy, K., Nevill, A., & Hazeldine, R. (1998). Modelling the relationship 
between isokinetic muscle strength and sprint running performance. Journal of Sports Sciences, 
16(3), 257-265. doi:10.1080/026404198366786 [doi] 
 
Dufek, J., Bates, B., Stergiou, N., & James, R. (1995). Interactive effects between group and 
single-subject response patterns. Human Movement Science, 14(3), 301-323. doi:10.1016/0167-
9457(95)00013-I 
 
Duthie, G., Pyne, D., & Hooper, S. (2003). Applied physiology and game analysis of rugby union. 
Sports Medicine, 33(13), 973-991. doi:33133 [pii] 
 
Duthie, G., Pyne, D., Marsh, D., & Hooper, S. (2006). Sprint patterns in rugby union players during 
competition. Journal of Strength and Conditioning Research, 20(1), 208-214. doi:R-16784 [pii] 
 
Ettema, G., McGhie, D., Danielsen, J., Sandbakk, O., & Haugen, T. (2016). On the existence of 
step-to-step breakpoint transitions in accelerated sprinting. Plos One, 11(7), e0159701. 
doi:10.1371/journal.pone.0159701 
 
Everitt, B., Landau, S., Leese, M., & Stahl, D. (2011). Cluster analysis (5th ed.). Chichester, UK: 
John Wiley & Sons Ltd. 
 
Fajen, R., Riley, M., & Turvey, M. (2008). Information, affordances, and the control of action in 
sport. International Journal of Sports Psychology, 40, 79-107.  
 
Faber, H., van Soest, A., & Kistemaker, D. (2018). Inverse dynamics of mechanical multibody 
systems: An improved algorithm that ensures consistency between kinematics and external forces. 
Plos One, 13(9), e0204575. doi:10.1371/journal.pone.0204575 
 
Farley, C. T., & Morgenroth, D. C. (1999). Leg stiffness primarily depends on ankle stiffness during 
human hopping. Journal of Biomechanics, 32(3), 267-273. doi:S0021-9290(98)00170-5 [pii] 
 
Faude, O., Roth, R., Di Giovine, D., Zahner, L., & Donath, L. (2013). Combined strength and power 
training in high-level amateur football during the competitive season: A randomised-controlled trial. 
Journal of Sports Sciences, 31(13), 1460-1467. doi:10.1080/02640414.2013.796065 
 



  

248 
 

Fenn, W. (1930). Work against gravity and work due to velocity changes in running. American 
Journal of Physiology, 93, 433-462.  
 
Feser, E., Bayne, H., Loubser, I., Bezodis, N., & Cronin, J. B. (2021). Wearable resistance sprint 
running is superior to training with no load for retaining performance in pre-season training for 
rugby athletes. European Journal of Sport Science, 21(7), 967-975. 
doi:10.1080/17461391.2020.1802516 
 
Fisher, A. J., Medaglia, J. D., & Jeronimus, B. F. (2018). Lack of group-to-individual generalizability 
is a threat to human subjects research. Proceedings of the National Academy of Sciences of the 
United States of America, 115(27), E6106-E6115. doi:10.1073/pnas.1711978115 [doi] 
 
Flanagan, E., & Comyns, T. (2008). The use of contact time and the reactive strength index to 
optimize fast stretch-shortening cycle training. Strength and Conditioning Journal, 30(5), 32-38. 
doi:10.1519/SSC.0b013e318187e25b 
 
Flanagan, E., Ebben, W., & Jensen, R. (2008). Reliability of the reactive strength index and time to 
stabilization during depth jumps. Journal of Strength and Conditioning Research, 22(5), 1677-1682. 
doi:10.1519/JSC.0b013e318182034b 
 
Foure Alexandre, Nordez, A., & Cornu, C. (2010). Plyometric training effects on achilles tendon 
stiffness and dissipative properties. Journal of Applied Physiology, 109(3), 849-854. 
doi:10.1152/japplphysiol.01150.2009 
 
Friedman, J., & Rafsky, L. (1979). Multivariate generalizations of the wald-wolfowitz and smirnov 
two-sample tests. The Annals of Statistics, 7(4), 697-717. doi:10.1214/aos/1176344722 
 
García-Ramos, A., Pérez-Castilla, A., & Jaric, S. (2021). Optimisation of applied loads when using 
the two-point method for assessing the force-velocity relationship during vertical jumps. Sports 
Biomechanics, 20(3), 274-289. doi:10.1080/14763141.2018.1545044 
 
García-Ramos, A., Haff, G. G., Feriche, B., & Jaric, S. (2018). Effects of different conditioning 
programmes on the performance of high-velocity soccer-related tasks: Systematic review and 
meta-analysis of controlled trials. International Journal of Sports Science & Coaching, 13(1), 129-
151. doi:10.1177/1747954117711096 
 
Gibson, J. (1979). The ecological approach to visual perception. Boston: Houghton Mifflin. 
 
Glazier, P., & Mehdizadeh, S. (2018). Challenging conventional paradigms in applied sports 
biomechanics research. Sports Medicine, 49(2), 171-176. doi:10.1007/s40279-018-1030-1 
 
Goodwin, J., & Bull, A. M. (2021). Novel assessment of isometric hip extensor function: Reliability, 
joint angle sensitivity, and concurrent validity. Journal of Strength and Conditioning Research, 
Publish Ahead of Print doi:10.1519/JSC.0000000000004012 
 
Goodwin, J., Tawiah-Dodoo, J., Waghorn, R., & Wild, J. (2018). Sprint running. In A. Turner (Ed.), 
Routledge handbook of strength and conditioning (pp. 473-505). London and New York: Routledge. 
 
Gordon, A. (1999). Classification (2nd ed.). London: Chapman and Hall. 
 
Habibi, A., Shabani, M., Rahimi, E., Fatemi, R., Najafi, A., Analoei, H., & Hosseini, M. (2010). 
Relationship between jump test results and acceleration phase of sprint performance in national 
and regional 100m sprinters. Journal of Human Kinetics, 23(2), 29-35. doi:10.2478/v10078-010-
0004-7 
 
Hair, J., Black, W., Babin, B., & Anderson, R. (2019). Multivariate data analysis (eighth edition ed.). 
Andover, Hampshire, UK: Cengage Learning, EMEA. 

 
Hatze, H., 1973. Optimization of human motions. In: Cerquiglini, S., Venerando, A., Wartenweiler J. 
(Eds.), Biomechanics III – 3 rd International Seminar on Biomechanics, Rome. Karger, Basel, pp. 
138-142. 
 



  

249 
 

Hamill, J., & McNiven, S. (1990). Reliability of selected ground reaction force parameters during 
walking. Human Movement Science, 9(2), 117-131. doi:10.1016/0167-9457(90)90023-7 
 
Hamlin, M., Deuchrass, R., Elliot, C., & Manimmanakorn, N. (2021). Short and long-term 
differences in anthropometric characteristics and physical performance between male rugby 
players that became professional or remained amateur. Journal of Exercise Science and Fitness, 
19(3), 143-149. doi:10.1016/j.jesf.2021.01.002 
 
Hammami, M., Gaamouri, N., Shephard, R., & Chelly, M. (2019). Effects of contrast strength vs. 
plyometric training on lower-limb explosive performance, ability to change direction and 
neuromuscular adaptation in soccer players. Journal of Strength and Conditioning Research, 33(8), 
2094-2103. doi:10.1519/JSC.0000000000002425 
 
Hanin, Y., Korjus, T., Jouste, P., & Baxter, P. (2002). Rapid technique correction using old way/new 
way: Two case studies with olympic athletes. The Sport Psychologist, 16(1), 79-99. 
doi:10.1123/tsp.16.1.79 
 
Harris, N. K., Cronin, J. B., Hopkins, W. G., & Hansen, K. T. (2008). Relationship between sprint 
times and the strength/power outputs of a machine squat jump. Journal of Strength and 
Conditioning Research, 22(3), 691-698. doi:10.1519/JSC.0b013e31816d8d80 [doi] 
 
Harrison, A., & Bourke, G. (2009). The effect of resisted sprint training on speed and strength 
performance in male rugby players. Journal of Strength and Conditioning Research, 23(1), 275-
283. doi:10.1519/JSC.0b013e318196b81f 
 
Haugen, T., Breitschädel, F., & Seiler, S. (2019b). Sprint mechanical variables in elite athletes: Are 
force-velocity profiles sport specific or individual? PloS One, 14(7), 1-14. 
doi:10.1371/journal.pone.0215551 
 
Haugen, T., McGhie, D., & Ettema, G. (2019a). Sprint running: From fundamental mechanics to 
practice—a review. European Journal of Applied Physiology, 119(6), 1273-1287. 
doi:10.1007/s00421-019-04139-0 
 
Haugen, T., Seiler, S., Sandbakk, Ø, & Tønnessen, E. (2019c). The training and development of 
elite sprint performance: An integration of scientific and best practice literature. Sports Medicine - 
Open, 5(1), 1-16. doi:10.1186/s40798-019-0221-0 
 
Hay, J. (1994). The biomechanics of sports techniques (4th ed.). London: Prentice Hall 
International. 
 
Healy, R., Norris, M., Kenny, I., & Harrison, A. (2016). A novel protocol to measure short sprint 
performance. Procedia Engineering, 147, 706-711. doi:10.1016/j.proeng.2016.06.252 
 
Hof, A. L. (1996). Scaling gait data to body size. Gait & Posture, 4(3), 222-223. doi:10.1016/0966-
6362(95)01057-2 
 
Hodges, N., & Lohse, K. (2022). An extended challenge-based framework for practice design in 
sports coaching. Journal of Sports Sciences, 40(7), 754-768. doi:10.1080/02640414.2021.2015917 
 
Hodges, N., & Lohse, K. (2020). Difficulty is a real challenge: A perspective on the role of cognitive 
effort in motor skill learning. Journal of Applied Research in Memory and Cognition, 9(4), 455-460. 
doi:10.1016/j.jarmac.2020.08.006 
 
Hopkins WG (2015). Spreadsheets for analysis of validity and reliability. Sportscience, 19, 36-42 
(sportsci.org/2015/ValidRely.htm) 
 
Hopkins, W. (2007). A spreadsheet for deriving a confidence interval, mechanistic inference and 
clinical inference from a P value. Sportscience, 11, 16-20 (sportsci.org/2007/wghinf.htm). 
 
Hopkins, W. (2002). A scale of magnitudes for effect statistics. Retrieved from 
http://www.sportsci.org/resource/stats/effectmag.html 
 

http://www.sportsci.org/resource/stats/effectmag.html


  

250 
 

Hunter, J, Marshall, R., & McNair, P. (2005). Relationships between ground reaction force impulse 
and kinematics of sprint-running acceleration. Journal of Applied Biomechanics, 21(1), 31. 
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/16131703 
 
Hunter, J., Marshall, R., & McNair, P. J. (2004). Interaction of step length and step rate during 
sprint running. Medicine and Science in Sports and Exercise, 36(2), 261-271. 
doi:10.1249/01.MSS.0000113664.15777.53 
 
Ishøi, L., Hölmich, P., Aagaard, P., Thorborg, K., Bandholm, T., & Serner, A. (2018). Effects of the 
nordic hamstring exercise on sprint capacity in male football players: A randomized controlled trial. 
Journal of Sports Sciences, 36(14), 1663-1672. doi:10.1080/02640414.2017.1409609 
 
Jacobs, R., & van Ingen Schenau, G. (1992). Intermuscular coordination in a sprint push-off. 
Journal of Biomechanics, 25(9), 953-965. doi:0021-9290(92)90031-U [pii] 
 
James, R., & Bates, B. (1997). Experimental and statistical design issues in human movement 
research. Measurement in Physical Education and Exercise Science, 1(1), 55-69. 
doi:10.1207/s15327841mpee0101_4 
 
Jandacka, D., Uchytil, J., Farana, R., Zahradnik, D., & Hamill, J. (2014). Lower extremity power 
during the squat jump with various barbell loads. Sports Biomechanics, 13(1), 75-86. 
doi:10.1080/14763141.2013.872287 
 
Janicijevic, D., Knezevic, O., Mirkov, D., Pérez-Castilla, A., Petrovic, M., Samozino, P., & Garcia-
Ramos, A. (2020). Assessment of the force-velocity relationship during vertical jumps: Influence of 
the starting position, analysis procedures and number of loads. European Journal of Sport Science, 
20(5), 614-623. doi:10.1080/17461391.2019.1645886 
 
Jauhiainen, S., Pohl, A., Äyrämö, S., Kauppi, J., & Ferber, R. (2020). A hierarchical cluster analysis 
to determine whether injured runners exhibit similar kinematic gait patterns. Scandinavian Journal 
of Medicine & Science in Sports, 30(4), 732-740. doi:10.1111/sms.13624 
 
Johnson, M., & Buckley, J. (2001). Muscle power patterns in the mid-acceleration phase of 
sprinting. Journal of Sports Sciences, 19(4), 263-272. doi:10.1080/026404101750158330 [doi] 
 
Karamanidis, K., Albracht, K., Braunstein, B., Catala, M., Goldmann, J., & Brüggemann, G. (2011). 
Lower leg musculoskeletal geometry and sprint performance. Gait & Posture, 34(1), 138-141. 
doi:10.1016/j.gaitpost.2011.03.009 
 
Kauffman, S. (1993). The origins of order: Self-organization and selection in evolution. New York: 
Oxford University Press. 
 
Kawamori, N., Nosaka, K., & Newton, R. U. (2013). Relationships between ground reaction impulse 
and sprint acceleration performance in team sport athletes. Journal of Strength and Conditioning 
Research, 27(3), 568. doi: 10.1519/JSC.0b013e318257805a 
 
Knudson, D. (2017). Confidence crisis of results in biomechanics research. Sports Biomechanics, 
16(4), 425-433. doi:10.1080/14763141.2016.1246603 
 
Koo, T., & Li, M. (2016). A guideline of selecting and reporting intraclass correlation coefficients for 
reliability research. Journal of Chiropractic Medicine, 15(2), 155-163. 
doi:10.1016/j.jcm.2016.02.012 
 
Kostrubiec, V., Zanone, P., Fuchs, A., & Kelso, J. (2012). Beyond the blank slate: Routes to 
learning new coordination patterns depend on the intrinsic dynamics of the learner-experimental 
evidence and theoretical model. Frontiers in Human Neuroscience, 6, 222. 
doi:10.3389/fnhum.2012.00222 
 
Krommes, K., Petersen, J., Nielsen, M., Aagaard, P., Hölmich, P., & Thorborg, K. (2017). Sprint 
and jump performance in elite male soccer players following a 10-week nordic hamstring exercise 
protocol: A randomised pilot study. BMC Research Notes, 10(1), 669. doi:10.1186/s13104-017-
2986-x 
 



  

251 
 

Kubo, K., Ishigaki, T., & Ikebukuro, T. (2017). Effects of plyometric and isometric training on muscle 
and tendon stiffness in vivo. Physiological Reports, 5(15), e13374-n/a. doi:10.14814/phy2.13374 
 
Kugler, F., & Janshen, L. (2010). Body position determines propulsive forces in accelerated 
sprinting. Journal of Biomechanics, 43, 343-348.  
 
Kuitunen, S., Ogiso, K., & Komi, P. (2011). Leg and joint stiffness in human hopping. Scandinavian 
Journal of Medicine & Science in Sports, 21(6), 159-167. doi:10.1111/j.1600-0838.2010.01202.x 
 
Kwon, Y., & Lee, H. (2013). How different knee flexion angles influence the hip extensor in the 
prone position. Journal of Physical Therapy Science, 25(10), 1295-1297. doi:10.1589/jpts.25.1295 
 
Lahti, J., Huuhka, T., Romero, V., Bezodis, I., Morin, J., & Häkkinen, K. (2020). Changes in sprint 
performance and sagittal plane kinematics after heavy resisted sprint training in professional 
soccer players. PeerJ (San Francisco, CA), 8, e10507. doi:10.7717/peerj.10507 
 
Lance, G., & Williams, W. (1967). A general theory of classificatory sorting strategies: 1. 
hierarchical systems. Computer Journal, 9(4), 373-380. doi:10.1093/comjnl/9.4.373 
 
Lanza, M., Balshaw, T., & Folland, J. (2019). Is the joint-angle specificity of isometric resistance 
training real? and if so, does it have a neural basis? European Journal of Applied Physiology, 
119(11), 2465-2476. doi:10.1007/s00421-019-04229-z 
 
Lee, S. S. M., & Piazza, S. J. (2009). Built for speed: Musculoskeletal structure and sprinting ability. 
Journal of Experimental Biology, 212(22), 3700-3707. doi:10.1242/jeb.031096 
 
Lockie, R., Callaghan, S., & Jeffriess, M. (2014a). Acceleration kinematics in cricketers: 
Implications for performance in the field. Journal of Sports Science & Medicine, 13(1), 128-136.  
 
Lockie, R., Jalilvand, F., Callaghan, S., Jeffriess, M., & Murphy, A. (2015). Interaction between leg 
muscle performance and sprint acceleration kinematics. Journal of Human Kinetics, 49, 65-74. 
doi:10.1515/hukin-2015-0109 [doi] 
 
Lockie, R., Murphy, A., Callaghan, S., & Jeffriess, M. (2014b). Effects of sprint and plyometrics 
training on field sport acceleration technique. Journal of Strength and Conditioning Research, 
28(7), 1790-1801. doi:10.1519/JSC.0000000000000297 [doi] 
 
Lockie, R., Murphy, A., Knight, T., & Janse de Jonge, X. (2011). Factors that differentiate 
acceleration ability in field sport athletes. Journal of Strength and Conditioning Research, 25(10), 
2704-2714. doi:10.1519/JSC.0b013e31820d9f17 [doi] 
 
Lockie, R., Murphy, A., Schultz, A., Jeffriess, M., & Callaghan, S. (2013). Influence of sprint 
acceleration stance kinetics on velocity and step kinematics in field sport athletes. Journal of 
Strength and Conditioning Research; Journal of Strength and Conditioning Research, 27(9), 2494-
2503. doi:10.1519/JSC.0b013e31827f5103 
 
Lockie, R., Murphy, A., Schultz, A., Knight, T., & Janse de Jonge, X. (2012). The effects of different 
speed training protocols on sprint acceleration kinematics and muscle strength and power in field 
sport athletes. Journal of Strength and Conditioning Research, 26(6), 1539-1550. 
doi:10.1519/JSC.0b013e318234e8a0 
 
Loturco, I., D'Angelo, R. A., Fernandes, V., Gil, S., Kobal, R., Cal Abad, C. C., Kitamura, K., & 
Nakamura, F. Y. (2015). Relationship between sprint ability and loaded/unloaded jump tests in elite 
sprinters. Journal of Strength and Conditioning Research, 29(3), 758-764. 
doi:10.1519/JSC.0000000000000660 [doi] 
 
Loturco, I., Suchomel, T., James, L., Bishop, C., Abad, C., Pereira, L., & McGuigan, M. (2018). 
Selective influences of maximum dynamic strength and bar-power output on team sports 
performance: A comprehensive study of four different disciplines. Frontiers in Physiology, 9, 1820. 
doi:10.3389/fphys.2018.01820 
 



  

252 
 

Luhtanen, P., & Komi, P. V. (1980). Force, power, and elasticity-velocity relationships in walking, 
running, and jumping. European Journal of Applied Physiology and Occupational Physiology, 
44(3), 279-289.  
 
Lum, D., Barbosa, T., Joseph, R., & Balasekaran, G. (2021). Effects of two isometric strength 
training methods on jump and sprint performances: A randomized controlled trial. Journal of 
Science in Sport and Exercise, 3(2), 115-124. doi:10.1007/s42978-020-00095-w 
 
Lyndon, H. (1989). I did it my way! an introduction to “old way/new way“ methodology. Australasian 
Journal of Special Education, 13(1), 32-37. doi:10.1017/S1030011200022077 
 
Macadam, P., Nuell, S., Cronin, J., Nagahara, R., Uthoff, A., Graham, S., Tinwala., F & Neville, J. 
(2019). Kinematic and kinetic differences in block and split-stance standing starts during 30 m 
sprint-running. European Journal of Sport Science, 19(8), 1024-1031. 
doi:10.1080/17461391.2019.1575475 
 
Macadam, P., Nuell, S., Cronin, J., Uthoff, A., Nagahara, R., Neville, J., Graham, S., & Tinwala, F. 
(2020). Thigh positioned wearable resistance affects step frequency not step length during 50 m 
sprint-running. European Journal of Sport Science, 20(4), 444-451. 
doi:10.1080/17461391.2019.1641557 
 
Mackala, K., Fostiak, M., & Kowalski, K. (2015). Selected determinants of acceleration in the 100m 
sprint. Journal of Human Kinetics, 45, 135-148. doi:10.1515/hukin-2015-0014 [doi] 
 
Maloney, S., Richards, J., Nixon, D., Harvey, L., & Fletcher, I. (2017). Vertical stiffness 
asymmetries during drop jumping are related to ankle stiffness asymmetries. Scandinavian Journal 
of Medicine & Science in Sports, 27(6), 661-669. doi:10.1111/sms.12682 
 
Mann, R., Kotmel, J., Herman, J., Johnson, B., & Schultz, C. (1984). Kinematic trends in elite 
sprinters. Paper presented at the 2nd International Symposium on Biomechanics in Sports, 
Colorado Springs, USA, 17-33.  
 
Mann, R., & Murphy, A. (2015). The mechanics of sprinting and hurdling. Las Vegas: CreateSpace. 
 
Mann, R., & Sprague, P. (1983). Kinetics of sprinting. Track & Field Quarterly Review, (83), 4-9.  
 
Marques, M., Gil, H., Ramos, R., Costa, A., & A Marinho, D. (2011). Relationships between vertical 
jump strength metrics and 5 meters sprint time. Journal of Human Kinetics, 29, 115-122. 
doi:10.2478/v10078-011-0045-6 
 
Maselli, A., Dhawan, A., Russo, M., Cesqui, B., Lacquaniti, F., & d'Avella, A. (2019). A whole body 
characterization of individual strategies, gender differences, and common styles in overarm 
throwing. Journal of Neurophysiology, 122(6), 2486-2503. doi:10.1152/jn.00011.2019 
 
Mawase, F., Uehara, S., Bastian, A., & Celnik, P. (2017). Motor learning enhances use-dependent 
plasticity. The Journal of Neuroscience, 37(10), 2673-2685. doi:10.1523/JNEUROSCI.3303-
16.2017 
 
Mayer-Kress, G., Liu, Y., & Newell, K. (2006). Complex systems and human movement. 
Complexity (New York, N.Y.), 12(2), 40-51. doi:10.1002/cplx.20151 
 
McBride, J., Blow, D., Kirby, T., Haines, T., Dayne, A., & Triplett. (2009). Relationship between 
maximal squat strength and five, ten, and forty yard sprint times. Journal of Strength and 
Conditioning Research, 23, 1633-6. doi:10.1519/JSC.0b013e3181b2b8aa 
 
McHugh, C., Hind, K., O'Halloran, A., Davey, D., Farrell, G., & Wilson, F. (2021). Body mass and 
body composition changes over 7 years in a male professional rugby union team. International 
Journal of Sports Medicine, 42(13), 1191-1198. doi:10.1055/a-1403-2906 
 
McKay, A., Stellingwerff, T., Smith, E., Martin, D., Mujika, I., Goosey-Tolfrey, V., Sheppard, J., & 
Burke, L. (2022). Defining training and performance caliber: A participant classification framework. 
International Journal of Sports Physiology and Performance, 17(2), 317-15. doi:10.1123/ijspp.2021-
0451 



  

253 
 

 
Mendiguchia, J. (2015). Effects of hamstring-emphasized neuromuscular training on strength and 
sprinting mechanics in football players. Scandinavian Journal of Medicine & Science in Sports, 
25(6), e621. doi:10.1111/sms.12388 
 
Mero, A. (1988). Force-time characteristics and running velocity of male sprinters during the 
acceleration phase of sprinting. Research Quarterly for Exercise and Sport, 59, 94-98.  
 
Michaels, C. (2003). Affordances: Four points of debate. Ecological Psychology, 15(2), 135-148. 
doi:10.1207/S15326969ECO1502_3 
 
Miller, D., & Nelson, R. (1973). Biomechanics of sport. Philadelphia: Lea & Febiger. 
 
Morin, J., Bourdin, M., Edouard, P., Peyrot, N., Samozino, P., & Lacour, J. R. (2012). Mechanical 
determinants of 100-m sprint running performance. European Journal of Applied Physiology, 
112(11), 3921-3930. doi:10.1007/s00421-012-2379-8 [doi] 
 
Morin, J., Edouard, P., & Samozino, P. (2011). Technical ability of force application as a 
determinant factor of sprint performance. Medicine and Science in Sports and Exercise, 43(9), 
1680-1688. doi:10.1249/MSS.0b013e318216ea37 [doi] 
 
Morin, J., Gimenez, P., Edouard, P., Arnal, P., Jimenez-Reyes, P., Samozino, P., . . . Mendiguchia, 
J. (2015b). Sprint acceleration mechanics: The major role of hamstrings in horizontal force 
production. Frontiers in Physiology, 24 doi:10.3389/fphys.2015.00404 
 
Morin, J., Le Mat, Y., Osgnach, C., Barnabò, A., Pilati, A., Samozino, P., & di Prampero, P. (2021). 
Individual acceleration-speed profile in-situ: A proof of concept in professional football players. 
Journal of Biomechanics, 123, 110524. doi:10.1016/j.jbiomech.2021.110524 
 
Morin, J., Slawinski, J., Dorel, S., de villareal, E. S., Couturier, A., Samozino, P., . . . Rabita, G. 
(2015a). Acceleration capability in elite sprinters and ground impulse: Push more, brake less? 
Journal of Biomechanics, 48(12), 3149-3154. doi:10.1016/j.jbiomech.2015.07.009 
 
Moritani, T., & deVries, H. (1979). Neural factors versus hypertrophy in the time course of muscle 
strength gain. American Journal of Physical Medicine, 58(3), 115-130.  
 
Murata, M., Takai, Y., Kanehisa, H., Fukunaga, T., & Nagahara, R. (2018). Spatiotemporal and 
kinetic determinants of sprint acceleration performance in soccer players. Sports (Basel, 
Switzerland), 6(4), 10.3390/sports6040169. doi:E169 [pii] 
 
Murphy, A., Lockie, R., & Coutts, A. (2003). Kinematic determinants of early acceleration in field 
sport athletes. Journal of Sports Science & Medicine, 2(4), 144-150.  
 
Nagahara, R., Amini, E., Marcon, K. C. C., Chen, P. W., Chua, J., Eiberger, J., Futalan, N., Lye, J., 
Pantovic, M., Starczewski, M., Sudsa-Ard, K., Sumartiningsih, S., Wang, C., William, T., Kasujja, 
T., & Gujar, T. A. (2019). Influence of the intention to lean the body forward on kinematics and 
kinetics of sprinting for active adults. Sports (Basel), 7(6), 10.3390/sports7060133. doi:E133 [pii] 
 
Nagahara, R., Kanehisa, H., Matsuo, A., & Fukunaga, T. (2021). Are peak ground reaction forces 
related to better sprint acceleration performance? Sports Biomechanics, 20(3), 360-369. 
doi:10.1080/14763141.2018.1560494 
 
Nagahara, R., Matsubayashi, T., Matsuo, A., & Zushi, K. (2014a). Kinematics of transition during 
human accelerated sprinting. Biology Open, 3(8), 689-699. doi:10.1242/bio.20148284 
 
Nagahara, R., Mizutani, M., Matsuo, A., Kanehisa, H., & Fukunaga, T. (2018b). Association of 
sprint performance with ground reaction forces during acceleration and maximal speed phases in a 
single sprint. Journal of Applied Biomechanics, 34(2), 1-110. doi:10.1123/jab.2016-0356 
 
Nagahara, R., Naito, H., Morin, J. B., & Zushi, K. (2014b). Association of acceleration with 
spatiotemporal variables in maximal sprinting. International Journal of Sports Medicine, 35(9), 755-
761. doi:10.1055/s-0033-1363252 [doi] 
 



  

254 
 

Nagahara, R., Takai, Y., Kanehisa, H., & Fukunaga, T. (2018a). Vertical impulse as a determinant 
of combination of step length and frequency during sprinting. International Journal of Sports 
Medicine, 39(4), 282-290.  doi:10.1055/s-0043-122739 
 
Naito, H., Kariyama, Y., Yamamoto, K., & Tanigawa, S.Sprint step-type specific characteristics of 
anthropometric and kinematic variables in sprinting acceleration. Paper presented at the 1118-
1121.  
 
Newell, K. (1986). Constraints on the development of coordination. In Wade, M and Whiting, H 
(Ed.), Motor development in children: Aspects of coordination (pp. 341-361). Amsterdam: Martinus 
Nijhoff Publishers. 
 
Newell, K. M. (1976). Motor learning without knowledge of results through the development of a 
response recognition mechanism. Journal of Motor Behavior, 8(3), 209-217. 
doi:10.1080/00222895.1976.10735074 [doi] 
 
Newman, M. A., Tarpenning, K. M., & Marino, F. E. (2004). Relationships between isokinetic knee 
strength, single-sprint performance, and repeated-sprint ability in football players. Journal of 
Strength and Conditioning Research, 18(4), 867-872. doi:13843 [pii] 
 
Nicholson, B., Dinsdale, A., Jones, B., & Till, K. (2021). The training of short distance sprint 
performance in football code athletes: A systematic review and meta-analysis. Sports Medicine, 
51(6), 1179-1207. doi:10.1007/s40279-020-01372-y 
 
Pandy, M., Lai, A., Schache, A., & Lin, Y. (2021). How muscles maximize performance in 
accelerated sprinting. Scandinavian Journal of Medicine & Science in Sports, 31(10), 1882-1896. 
doi:10.1111/sms.14021 
 
Phinyomark, A., Osis, S., Hettinga, B. A., & Ferber, R. (2015). Kinematic gait patterns in healthy 
runners: A hierarchical cluster analysis. Journal of Biomechanics, 48(14), 3897-3904. doi:S0021-
9290(15)00519-9 
 
Porter, J., Wu, W., & Partridge, J. (2010). Focus of attention and verbal instructions: Strategies of 
elite track and field coaches and athletes. Sport Science Review (Bucureşti), 19(3-4), 77. 
doi:10.2478/v10237-011-0018-7 
 
Portney, L., & Watkins, M. (2000). Foundations of clinical research: Applications to practice (3rd 
ed.). Upper Saddle River, NJ: Prentice Hall. 
 
Posthumus, L., Macgregor, C., Winwood, P., Darry, K., Driller, M., & Gill, N. (2020). Physical and 
fitness characteristics of elite professional rugby union players. Sports (Basel), 8(6), 85. 
doi:10.3390/sports8060085 
 
Preatoni, E., Hamill, J., Harrison, A. J., Hayes, K., Van Emmerik, R., Wilson, C., & Rodano, R. 
(2013). Movement variability and skills monitoring in sports. Sports Biomechanics, 12(2), 69-92. 
doi:10.1080/14763141.2012.738700 [doi] 
 
Preatoni, E., La Torre, A., Santambrogio, G., & Rodano, R. (2010). Motion analysis in sport 
monitoring techniques : Assessment protocols and application to racewalking. Medicina Dello 
Sport; Rivista Di Fisiopatologia Dello Sport, 63, 327-342.  
 
Rabita, G., Dorel, S., Slawinski, J., Saez-de-Villarreal, E., Couturier, A., Samozino, P., & Morin, J. 
(2015). Sprint mechanics in world-class athletes: A new insight into the limits of human locomotion.  
Scandinavian Journal of Medicine & Science in Sports, 25(5), 583-594. doi:10.1111/sms.12389 
[doi] 
 
Rahmatallah, Y., Zybailov, B., Emmert-Streib, F., & Glazko, G. (2017). GSAR: Bioconductor 
package for gene set analysis in R. BMC Bioinformatics, 18(1), 61. doi:10.1186/s12859-017-1482-
6 
 
Rajic, S., Legg, H., Maurus, P., Nigg, S., & Cleather, D. (2020). The effects of a 9-week hip focused 
weight training program on hip and knee kinematics and kinetics in experienced female dancers. 
Journal of Human Kinetics, 75(1), 29-39. doi:10.2478/hukin-2020-0035 



  

255 
 

 
Rasmussen, B., & Phillips, S. (2003). Contractile and nutritional regulation of human muscle 
growth. Exercise and Sport Sciences Reviews, 31(3), 127-131. doi:10.1097/00003677-200307000-
00005 
 
Rickles, D., Hawe, P., & Shiell, A. (2007). A simple guide to chaos and complexity. Journal of 
Epidemiology and Community Health, 61(11), 933-937. doi:10.1136/jech.2006.054254 
 
Rimmer, E., & Sleivert, G. (2000). Effects of a plyometrics intervention program on sprint 
performance. Journal of Strength and Conditioning Research, 14(3), 295-301. 
doi:10.1519/00124278-200008000-00009 
 
Robbins, D. W., & Young, W. B. (2012). Positional relationships between various sprint and jump 
abilities in elite american football players. Journal of Strength and Conditioning Research, 26(2), 
388-397. doi:10.1519/JSC.0b013e318225b5fa [doi] 
 
Roberts, S. P., Trewartha, G., Higgitt, R. J., El-Abd, J., & Stokes, K. A. (2008). The physical 
demands of elite english rugby union. Journal of Sports Sciences, 26(8), 825-833. 
doi:10.1080/02640410801942122 [doi] 
 
Rodano, R., & Squadrone, R. (2002). Stability of selected lower limb joint kinetic parameters during 
vertical jump. Journal of Applied Biomechanics, 18(1), 83-89. doi:10.1123/jab.18.1.83 
 
Rodriguez-Rosell, D., Franco-Márquez, F., Mora-Custodio, R., & González-Badillo, J. (2016). The 
effect of high-speed strength training on physical performance in young soccer players of different 
ages. Journal of Strength and Conditioning Research, 31(9), 2498-2508. 
doi:10.1519/JSC.0000000000001706 
 
Rodríguez-Rosell, D., Torres-Torrelo, J., Franco-Márquez, F., González-Suárez, J., & González-
Badillo, J. (2017). Effects of light-load maximal lifting velocity weight training vs. combined weight 
training and plyometrics on sprint, vertical jump and strength performance in adult soccer players. 
Journal of Science and Medicine in Sport, 20(7), 695-699. doi:10.1016/j.jsams.2016.11.010 
 
Ronnestad, B., Kvamme, N., Sunde, A., & Raastad, T. (2008). Short-term effects of strength and 
plyometric training on sprint and jump performance in professional soccer players. Journal of 
Strength and Conditioning Research, 22(3), 773-780. doi:10.1519/JSC.0b013e31816a5e86 
 
Rumpf, M., Lockie, R., Cronin, J., & Jalilvand, F. (2016). Effect of different sprint training methods 
on sprint performance over various distances: A brief review. Journal of Strength and Conditioning 
Research, 30(6), 1767-1785. doi:10.1519/JSC.0000000000001245 
 
Sakamoto, A., Teixeira-Salmela, L., de Paula, R., Guimarães, C., & Faria, C. (2009). Gluteus 
maximus and semitendinosus activation during active prone hip extension exercises. Revista 
brasileira de fisioterapia (São Carlos (São Paulo, Brazil)), 13(4)  
 
Salo, A., Bezodis, I., Batterham, A., & Kerwin, D. (2011). Elite sprinting: Are athletes individually 
step-frequency or step-length reliant? Medicine and Science in Sports and Exercise, 43(6), 1055. 
doi:10.1249/MSS.0b013e318201f6f8 
 
Salo, A., Keranen, T., & Viitasalo, J. Force production in the first four steps of sprint running. Paper 
presented at the XXIII International Symposium on Biomechanics on Soport, The China Institute of 
Sports Science: Beijing, 313-317.  
 
Salo, A., & Bezodis, I. (2004). Which starting style is faster in sprint running--standing or crouch 
start? Sports Biomechanics, 3(1), 43-53. doi:10.1080/14763140408522829 [doi] 
 
Saltzman, E., & Kelso, J. A. (1987). Skilled actions: A task-dynamic approach. Psychological 
Review, 94(1), 84-106.  
 
Samozino, P., Edouard, P., Sangnier, S., Brughelli, M., Gimenez, P., & Morin, J. (2013). Force-
velocity profile: Imbalance determination and effect on lower limb ballistic performance. 
International Journal of Sports Medicine, 35(6), 505-510. doi:10.1055/s-0033-1354382 
 



  

256 
 

Samozino, P., Morin, J., Hintzy, F., & Belli, A. (2008). A simple method for measuring force, 
velocity and power output during squat jump. Journal of Biomechanics, 41(14), 2940-2945. 
doi:10.1016/j.jbiomech.2008.07.028 
 
Schache, A., Lai, A., Brown, N., Crossley, K., & Pandy, M. (2019). Lower-limb joint mechanics 
during maximum acceleration sprinting. Journal of Experimental Biology, 222, 1-12. doi: 
10.1242/jeb.209460 
 
Schuster, D., & Jones, P. A. (2016). Relationships between unilateral horizontal and vertical drop 
jumps and 20 m sprint performance. Physical Therapy in Sport: Official Journal of the Association 
of Chartered Physiotherapists in Sports Medicine, 21, 20-25. doi:10.1016/j.ptsp.2016.02.007 [doi] 
 
Seifert, L., Komar, J., Araújo, D., & Davids, K. (2016). Neurobiological degeneracy: A key property 
for functional adaptations of perception and action to constraints. Neuroscience and Biobehavioral 
Reviews, 69, 159-165. doi:10.1016/j.neubiorev.2016.08.006 
 
Seifert, L., Seifert, L., Button, C., Button, C., Davids, K., & Davids, K. (2013). Key properties of 
expert movement systems in sport. Sports Medicine, 43(3), 167-178. doi:10.1007/s40279-012-
0011-z 
 
Slawinski, J., Houel, N., Bonnefoy-Mazure, A., Lissajoux, K., Bocquet, V., & Termoz, N. (2017). 
Mechanics of standing and crouching sprint starts. Journal of Sports Sciences, 35(9), 858-865. 
doi:10.1080/02640414.2016.1194525 
 
Sleivert, G., & Taingahue, M. (2004). The relationship between maximal jump-squat power and 
sprint acceleration in athletes. European Journal of Applied Physiology, 91(1), 46-52. 
doi:10.1007/s00421-003-0941-0 [doi] 
 
Spinks, C., Murphy, A., Spinks, W., & Lockie, R. (2007). The effects of resisted sprint training on 
acceleration performance and kinematics in soccer, rugby union, and australian football players. 
Journal of Strength and Conditioning Research, 21(1), 77-85. doi:R-18145 [pii] 
 
Standing, R. J., & Maulder, P. S. (2017). The biomechanics of standing start and initial 
acceleration: Reliability of the key determining kinematics. Journal of Sports Science and Medicine, 
16(1), 154-162. 
 
Suarez-Arrones, L., Lara-Lopez, P., Rodriguez-Sanchez, P., Lazaro-Ramirez, J., Di Salvo, V., 
Guitart, M., Fuentes-Nieto, C., Rodas, G., Mendez-Villanueva, A. (2019). Dissociation between 
changes in sprinting performance and nordic hamstring strength in professional male football 
players. PLoS ONE, 14(3), e0213375. doi:10.1371/journal.pone.0213375 
 
Tee, J., Lambert, M., & Coopoo, Y. (2016). GPS comparison of training activities and game 
demands of professional rugby union. International Journal of Sports Science & Coaching, 11(2), 
200-211. doi:10.1177/1747954116637153 
 
Thelen, E. (1995). Time-scale dynamics and the development of an embodied cognition. In R. Port, 
& T. van Gelder (Eds.), Explorations in the dynamics of cognition: Mind as motion (pp. 69-100). 
Cambridge, MA: The MIT Press. doi:10.7551/mitpress/4622.003.0004  
 
Thelen, E. (1989). The (re)discovery of motor development: Learning new things from an old field. 
Developmental Psychology, 25, 946-949.  
 
Thorstensson, A., Karlsson, J., Viitasalo, J. H., Luhtanen, P., & Komi, P. V. (1976). Effect of 
strength training on EMG of human skeletal muscle. Acta Physiologica Scandinavica, 98(2), 232-
236. doi:10.1111/j.1748-1716.1976.tb00241.x [doi] 
 
Till, K., & Jones, B. (2015). The science of sport: rugby. Wiltshire: Crowood Press Ltd. 
 
Tillin, N., Pain, M., & Folland, J. (2013) Explosive force production during isometric squats 
correlated with athletic performance in rugby union players. Journal of Sports Sciences, 31(1), 66-
76. doi:10.1080/0264041.2012.720704 
 



  

257 
 

Tononi, G., Sporns, O., & Edelman, G. (1999). Measures of degeneracy and redundancy in 
biological networks. Proceedings of the National Academy of Sciences of the United States of 
America, 96(6), 3257-3262. doi:4997 
 
Torres-Torrelo, J., Rodríguez-Rosell, D., & González-Badillo, J. (2017). Light-load maximal lifting 
velocity full squat training program improves important physical and skill characteristics in futsal 
players. Journal of Sports Sciences, 35(10), 967-975. doi:10.1080/02640414.2016.1206663 
 
Turner, A., Parmar, N., Jovanovski, A., & Hearne, G. (2021). Assessing group-based changes in 
high-performance sport. part 2: Effect sizes and embracing uncertainty through confidence 
intervals. Strength and Conditioning Journal, 43(4), 68-77. doi:10.1519/SSC.0000000000000613 
 
Turner, T., Tobin, D., & Delahunt, E. (2015). Peak power in the hexagonal barbell jump squat and 
its relationship to jump performance and acceleration in elite rugby union players. Journal of 
Strength and Conditioning Research, 29(5), 1234-1239. doi:10.1519/JSC.0000000000000770 [doi] 

van Oeveren, B. T., de Ruiter, C. J., Beek, P. J., & van Dieën, J. H. (2021). The biomechanics of 
running and running styles: A synthesis. Sports Biomechanics, ahead of print, 1-39 
doi.org/10.1080/14763141.2021.1873411 

von Lieres Und Wilkau, H, Bezodis, N., Morin, J. B., Irwin, G., Simpson, S., & Bezodis, I. (2020a). 
The importance of duration and magnitude of force application to sprint performance during the 
initial acceleration, transition and maximal velocity phases. Journal of Sports Sciences, 38(20), 
2359-2366. doi:10.1080/02640414.2020.1785193 
 
von Lieres und Wilkau, Hans, Irwin, G., Bezodis, N., Simpson, S., & Bezodis, I. (2020b). Phase 
analysis in maximal sprinting: An investigation of step-to-step technical changes between the initial 
acceleration, transition and maximal velocity phases. Sports Biomechanics, 19(2), 141-156. 
doi:10.1080/14763141.2018.1473479 
 
von Lieres und Wilkau, H, Irwin, G., Bezodis, N., Simpson, S., & Bezodis, I.Contributions to braking 
impulse during initial acceleration, transition and maximal velocity in sprinting. Paper presented at 
the 35th Conference of the International of Biomechanics in Sports, Sport University Cologne, 
Germany 915-918.  
 
Veloso, A., Joao, F., Valamatos, M., Cabral, S., & Moniz-Pereira, V. (2015). Subject-specific 
musculoskeletal model to identify muscle contribution to the acceleration phase in elite sprinting. 
Paper presented at the 33rd International Conference on Biomechanics in Sport, Poitiers, France 
 
Walker, J., Bissas, A., Paradisis, G., Hanley, B., Tucker, C., Jongerius, N., . . . Bezodis, I. N. 
(2021). Kinematic factors associated with start performance in world-class male sprinters. Journal 
of Biomechanics, 124, 110554. doi:10.1016/j.jbiomech.2021.110554 
 
Watari, R., Osis, S., Phinyomark, A., & Ferber, R. (2018). Runners with patellofemoral pain 
demonstrate sub-groups of pelvic acceleration profiles using hierarchical cluster analysis: An 
exploratory cross-sectional study. BMC Musculoskeletal Disorders, 19(1), 120-3. 
doi:10.1186/s12891-018-2045-3 
 
Wdowski, M., & Gittoes, M. (2020). First-stance phase force contributions to acceleration sprint 
performance in semi-professional soccer players. European Journal of Sport Science, 20(3), 366-
374. doi:10.1080/17461391.2019.1629178 
 
Weyand, P., Sternlight, D., Bellizzi, M., & Wright, S. (2000). Faster top running speeds are 
achieved with greater ground forces not more rapid leg movements. Journal of Applied Physiology, 
89(5), 1991-1999.  
 
Wiemann, & Tidow. (1995). Relative activity of the hip and knee extensors in sprinting - 
implications for training. New Studies in Athletics, 10, 29-49.  
 
Winkelman, N. (2018). Attentional focus and cueing for speed development. Strength and 
Conditioning Journal, 40(1), 13-25. doi:10.1519/SSC.0000000000000266 
 
Winkelman, N., & Coyle, D. (2020). The language of coaching. Champaign: Human Kinetics.  

https://doi.org/10.1080/14763141.2021.1873411


  

258 
 

 
Winter, E., Abt, G., & Nevill, A. (2014). Metrics of meaningfulness as opposed to sleights of 
significance. Journal of Sports Sciences, 32(10), 901-902. doi:10.1080/02640414.2014.895118 
 
Winter, E., & Maughan, R. (2009). Requirements for ethics approvals. Journal of Sports Sciences, 
27(10), 985. doi:10.1080/02640410903178344 
 
Winwood, P., Cronin, J., Posthumus, L., Finlayson, S., Gill, N., & Keogh, J. (2015). Strongman vs. 
traditional resistance training effects on muscular function and performance. Journal of Strength 
and Conditioning Research, 29(2), 429-439. doi:10.1519/JSC.0000000000000629 
 
Wisloff, U., Castagna, C., Helgerud, J., Jones, R., & Hoff, J. (2004). Strong correlation of maximal 
squat strength with sprint performance and vertical jump height in elite soccer players. British 
Journal of Sports Medicine, 38(3), 285-288.  
 
Wong, P., Chaouachi, A., Chamari, K., Dellal, A., & Wisloff, U. (2010). Effect of preseason 
concurrent muscular strength and high-intensity interval training in professional soccer players. 
Journal of Strength and Conditioning Research, 24(3), 653-660. 
doi:10.1519/JSC.0b013e3181aa36a2 
 
Wood. (2021). The consistency of prior movements shapes locomotor use-dependent learning. 
eNeuro, 8(5) doi:10.1523/ENEURO.0265-20.2021 
 
Wood, Kim, French, Reisman, & Morton. (2020). Use-dependent plasticity explains aftereffects in 
visually guided locomotor learning of a novel step length asymmetry. Journal of Neurophysiology, 
124(1), 32-39. doi:10.1152/jn.00083.2020 
 
Wulf, G. (2013). Attentional focus and motor learning: A review of 15 years. International Review of 
Sport and Exercise Psychology, 6(1), 77-104. doi:10.1080/1750984X.2012.723728 
 
Zabaloy, S., Pareja Blancoc, F., Carlos-Vivas, J., & Gálvez González, J. (2020). Determinant 
factors of physical performance in rugby specific playing positions. Science & Sports, 36(4), 
308.e1-308.e10. doi:10.1016/j.scispo.2020.06.011 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 



  

259 
 

 

 

 

APPENDIX A – PARTICIPANT CLASSIFICATION FRAMEWORK 

 
 
Table A.1. The framework used to describe participant ability levelsa 

 

 
 
aThis is a direct copy of the table presented by McKay et al., 2022 (Table 1, p.319) to outline 
their participant classification framework 
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APPENDIX B – ETHICS APPROVALS FOR STUDIES IN THE CHAPTERS OF THIS THESIS 

 
Ethics approvals for the studies in Chapters 3 to 5 in this appendix. Note for the studies in Chapters 

6 and 7, ethical and/or governance review was not deemed as required after completing the 

University of Surrey Self-Assessment Governance and Ethics form for Humans and Data Research 

(SAGE-HDR). 

 
Ethics approval for the study in Chapter 3 
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Ethics approval for the studies in Chapters 4 and 5 

 
 
 
 
 
 
 
 



  

262 
 

APPENDIX C – STANDARDISED WARM-UP FOR SPRINT TESTING PROTOCOLS FOR 

RUGBY BACKS 

 

 

The standardised warm up for the sprint testing protocol for the rugby participants in this thesis can 

be viewed by using the hyperlink below: 

 

https://youtu.be/EJ-2201tMYY 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://youtu.be/EJ-2201tMYY


  

263 
 

APPENDIX D – INTRA-RATER RELIABILITY FOR DATA OBTAINED IN CHAPTERS 3 AND 4 

 
Intraclass correlation coefficients between the first and second digitising occasions for the intra-

rater reliability analysis conducted in Chapters 3 and 4 can be found in Table D.1. Intra-rater 

reliability was good for hip touchdown angular velocity, stance mean hip angular velocity, trunk 

angle and foot angle at touchdown, hip angle at touchdown, knee angle at toe-off and peak ankle 

dorsiflexion angle and ankle dorsiflexion range of motion (ICC = 0.78-0.87), and excellent for all 

other variables (ICC ≥ 0.90). 

 

Table D.1. Intraclass coefficients and their 90% confidence intervals for variables  

Variables   ICC (90% CI) 

 NAHEPᵃᵇ 0.92 (0.81 to 0.97) 

Spatiotemporal 
variablesᵇ 
 
 
 
 

Step velocity (m/s) 0.94 (0.85 to 0.98) 

Step length (m) 0.97 (0.92 to 0.99) 

Step rate (Hz) 0.91 (0.78 to 0.96) 

Contact time (s) 0.94 (0.85 to 0.98) 

Flight time (s) 0.92 (0.81 to 0.97) 

Linear 
kinematicsᵇ 
 
 
 

Contact length (m) 0.91 (0.78 to 0.96) 

Flight length (s) 0.89 (0.74 to 0.95) 

Touchdown distance (m) 0.91 (0.78 to 0.96) 

Toe-off distance (m) 0.90 (0.76 to 0.95) 

Angular 
kinematics at 
touchdown 
 
 
 
 
 
 
 
 
 
  

Hip touchdown angular velocity (°/s) 0.78 (0.60 to 0.88) 

Foot angle (°) 0.86 (0.74 to 0.93) 

Shank angle (°) 0.95 (0.90 to 0.97) 

Thigh angle (°) 0.90 (0.81 to 0.95) 

Trunk angle (°) 0.84 (0.70 to 0.92) 

Ankle angle (°) 0.92 (0.84 to 0.96) 

Knee angle (°) 0.90 (0.81 to 0.95) 

Hip angle (°) 0.80 (0.63 to 0.90) 

Angular 
kinematics 
during stance 
 
 
  

Peak ankle dorsiflexion angle (°) 0.83 (0.68 to 0.91) 

Peak ankle dorsiflexion ROM (°) 0.79 (0.62 to 0.89) 

Stance hip mean angular velocity (°/s) 0.82 (0.63 to 0.90) 

Angular 
kinematics at 
toe-off  

Foot angle (°) 0.90 (0.81 to 0.95) 

Shank angle (°) 0.96 (0.92 to 0.98) 

Thigh angle (°) 0.92 (0.84 to 0.96) 

Trunk angle (°) 0.90 (0.81 to 0.95) 

Ankle angle (°) 0.94 (0.88 to 0.97) 

Knee angle (°) 0.87 (0.75 to 0.93) 

Hip angle (°) 0.91 (0.83 to 0.95) 

Thigh separation angle (°) 0.95 (0.90 to 0.97) 

Toe-off distance (m)ᵇ 0.90 (0.76 to 0.96) 
 

ᵃCalculated according to the equations of Hof (1996) with a modification to the 
calculation of NAHEP as used by Bezodis et al. (2010) 

ᵇIntra-rater reliability results from the ICC determined for these variables in 
Chapter 3 (all other ICC were determined for variables in Chapter 4)  
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APPENDIX E – RELATIONSHIPS BETWEEN NAHEP AND TOE-OFF DISTANCE IN    

CHAPTER 4 

 
In Chapter 4 when using semi-partial correlations controlling for body mass, the relationship 

between toe-off distance over the first four steps (normalised to leg length) and NAHEP over the 

first four steps was not meaningful. This finding was unexpected given the moderate and 

meaningful relationship observed between toe-off distance and NAHEP during Chapter 3. 

However, in Chapter 3 toe-off distance over the first three steps was normalised to stature and 

NAHEP was calculated over the first three steps, and a bivariate correlation was used to determine 

the relationship between these two variables. Therefore, in Chapter 4, toe-off distance normalised 

to stature and NAHEP over the first three steps were also obtained (i.e., using the same approach 

as in Chapter 3) so that a direct comparison of the findings between Chapters 3 and 4 could be 

made with the respect to the relationship between toe-off distance and NAHEP. The results of this 

analysis can be found in Table E.1. 

 

Table E.1. Bivariate and semi-partial correlations (± 90% CI) between toe-off distance and 
NAHEP 

 NAHEP 
(over steps one to three) 

 

NAHEPᵇ 
(over steps one to four) 

 

Toe-off distance  
(normalised to stature and 
averaged over steps one to three) 
 

 

 
-0.21 (-0.51 to 0.13)ᵃ 

 

 
- 

Toe-off distance  
(normalised to leg length and 
averaged over steps one to four) 

 
- 

 
-0.24 (-0.53 to 0.11)ᵇ 

 

ᵃBivariate correlation coefficient, providing a direct comparison of this relationship between 
Chapters 3 and 4 
ᵇSemi-partial correlation coefficient, controlling for body mass 
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APPENDIX F – 90% CI ADDED TO THE PARTIAL CORRELATION COEFFICIENTS OF STRENGTH-BASED VARIABLES WITH TOUCHDOWN, STANCE AND 

ANGULAR KINEMATICS FROM CHAPTER 5 

 
Table F.1. Partial correlation coefficients (90% CL) of strength-based variables in their absolute form with touchdown and stance phase angular kinematics over the initial 
four steps, controlling for body mass, observed in Chapter 5. Hip angular velocity measures have been normalised (Hof 1996).      

Strength-
based 
variables 

  Touchdown and stance phase angular kinematics 

 Foot angle  Shank 
angle 

 Thigh 
angle 

 Trunk 
angle 

 Ankle 
angle 

 
Peak ankle 
dorsiflexion 

angle 

 
Ankle 

dorsiflexion 
ROM 

 Knee 
angle 

 Hip angle  

Hip 
touchdown 

angular 
velocity 

 

Stance 
mean hip 
angular 
velocity 

Hip torque 

 
-0.32 

 
-0.46*  -0.37  -0.03  -0.07  -0.14  0.04  0.02  0.24  -0.09  0.31 

 (-0.60 to -
0.01) 

 (-0.69 to -
0.15) 

 
(-0.63 to -

0.03) 

 
(-0.36 to 

0.31) 

 
(-0.40 to 

0.28) 

 
(-0.46 to 

0.20) 

 
(-0.30 to 

0.37) 

 
(-0.32 to 

0.36) 

 
(-0.11 to 

0.53) 

 
(-0.41 to 

0.25) 

 
(-0.03 to 

0.59) 

F0 

 
-0.02 

 
-0.35  0.18  -0.07  -0.31  -0.15  0.30  -0.45*  -0.20  -0.27  0.34 

 (-0.35 to 
0.32) 

 (-0.61 to -
0.01) 

 
(-0.17 to 

0.49) 

 
(-0.40 to 

0.27) 

 
(-0.58 to 

0.03) 

 
(-0.46 to 

0.20) 

 
(-0.04 to 

0.58) 

 
(-0.69 to -

0.14) 

 
(-0.50 to 

0.15) 

 
(-0.56 to 

0.07) 

 
(0.00 to 
0.61) 

V0 

 
0.10 

 
-0.09  0.15  -0.09  -0.28  -0.48*  0.04  -0.20  -0.18  -0.33  0.35 

 (-0.25 to 
0.42) 

 (-0.41 to 
0.25) 

 
(-0.20 to 

0.46) 

 
(-0.42 to 

0.25) 

 
(-0.56 to 

0.06) 

 
(-0.71 to -

0.18) 

 
(-0.30 to 

0.38) 

 
(-0.50 to 

0.15) 

 
(-0.49 to 

0.17) 

 
(-0.60 to 

0.01) 

 
(0.02 to 
0.62) 

Pmax 

 
0.07 

 
-0.34  0.25  -0.14  -0.46*  -0.56*  0.26  -0.50*  -0.31  -0.47*  0.57* 

 (-0.27 to 
0.40) 

 (-0.61 to 
0.00) 

 
(-0.09 to 

0.54) 

 
(-0.46 to 

0.20) 

 
(-0.69 to -

0.14) 

 
(-0.76 to -

0.28) 

 
(-0.08 to 

0.55) 

 
(-0.71 to -

0.19) 

 
(-0.59 to 

0.03) 

 
(-0.70 to -

0.16) 

 
(0.29 to 
0.76) 

Repeated 
CT 

 
0.30 

 
0.29  0.35  -0.16  -0.13  -0.40*  -0.04  -0.16  -0.37  -0.15  0.27 

 (-0.04 to 
0.58) 

 (-0.05 to 
0.57) 

 
(0.02 to 
0.62) 

 
(-0.47 to 

0.19) 

 
(-0.45 to 

0.21) 

 
(-0.65 to -

0.08) 

 
(-0.37 to 

0.30) 

 
(-0.47 to 

0.19) 

 
(-0.63 to -

0.04) 

 
(-0.47 to 

0.19) 

 
(-0.08 to 

0.55) 

Repeated 
jump 

height 

 
-0.10 

 
-0.18  0.03  -0.06  -0.10  -0.06  -0.06  -0.19  -0.08  -0.14  0.49* 

 (-0.42 to 
0.25) 

 (-0.49 to 
0.17) 

 
(-0.31 to 

0.36) 

 
(-0.39 to 

0.28) 

 
(-0.42 to 

0.25) 

 
(-0.39 to 

0.28) 

 
(-0.39 to 

0.28) 

 
(-0.50 to 

0.15) 

 
(-0.40 to 

0.27) 

 
(-0.46 to 

0.20) 

 
(0.19 to 
0.71) 

RSI 

 
-0.27 

 
-0.33  -0.18  0.04  -0.01  0.20  -0.02  -0.08  0.15  -0.04  0.24 

 (-0.56 to 
0.07) 

 (-0.60 to -
0.01) 

 
(-0.49 to 

0.17) 

 
(-0.30 to 

0.37) 

 
(-0.34 to 

0.33) 

 
(-0.15 to 

0.50) 

 
(-0.35 to 

0.32) 

 
(-0.40 to 

0.27) 

 
(-0.19 to 

0.47) 

 
(-0.38 to 

0.30) 

 
(-0.10 to 

0.54) 

Hip 
torque/CT 

ratio 

 
-0.41* 

 
-0.55*  -0.48*  0.07  -0.01  0.09  0.04  0.08  0.39  -0.01  0.11 

 (-0.66 to -
0.08) 

 (-0.75 to -
0.26) 

 
(-0.70 to -

0.16) 

 
(-0.27 to 

0.40) 

 
(-0.34 to 

0.33) 

 
(-0.26 to 

0.41) 

 
(-0.30 to 

037) 

 
(-0.26 to 

0.41) 

 
(0.07 to 
0.65) 

 
(-0.35 to 

0.33) 

 
(-0.24 to 

0.430 
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Table F.2. Partial correlation coefficients (90% CL) between strength-based variables in their absolute form and toe-off angular kinematics over the initial four steps, 
controlling for body mass.  

Strength-
based 
variables 

  
  

Toe-off angular kinematics 

 Foot angle  Shank angle  Thigh angle  Trunk angle  Ankle angle  Knee angle  Hip angle 

  
Thigh 

separation 
angle 

Hip torque 

 
0.40 

 
0.42*  -0.01  0.09  -0.16  0.27  0.09 

 
-0.12 

 (0.07 to 0.65)  (0.10 to 0.67) 
 

(-0.34 to 0.33) 
 

(-0.25 to 0.41) 
 

(-0.47 to 0.19) 
 

(-0.08 to 0.55) 
 

(-0.26 to 0.41)  (-0.44 to 0.23) 

F0 

 
0.43* 

 
-0.12  0.31  0.14  -0.30  -0.34  -0.07 

 
-0.08 

 (0.11 to 0.67)  (-0.44 to 0.22) 
 

(-0.03 to 0.58) 
 

(-0.20 to 0.46) 
 

(-0.58 to 0.04) 
 

(-0.60 to 0.00) 
 

(-0.40 to 0.27)  (-0.41 to 0.26) 

V0 

 
0.05 

 
-0.14  -0.14  0.05  -0.07  0.05  0.11 

 
0.11 

 (-0.29 to 0.38)  (-0.45 to 0.21) 
 

(-0.45 to 0.21) 
 

(-0.29 to 0.38) 
 

(-0.40 to 0.28) 
 

(-0.29 to 0.38) 
 

(-0.24 to 0.43)  (-0.24 to 0.43) 

Pmax 

 
0.35 

 
-0.20  0.12  0.14  -0.29  -0.20  0.03 

 
0.05 

 (0.02 to 0.62)  (-0.51 to 0.14) 
 

(-0.23 to 0.44) 
 

(-0.21 to 0.46) 
 

(-0.57 to 0.05) 
 

(-0.50 to 0.15) 
 

(-0.31 to 0.36)  (-0.29 to 0.38) 

Repeated CT 

 
-0.11 

 
-0.17  -0.40  0.00  -0.12  0.18  0.22 

 
0.37 

 (-0.43 to 0.24)  (-0.48 to 0.16) 
 

(-0.65 to -0.07) 
 

(-0.34 to 0.34) 
 

(-0.50 to 0.16) 
 

(-0.17 to 0.49) 
 

(-0.13 to 0.52)  (0.04 to 0.63) 

Repeated 
jump height 

 
0.30 

 
-0.13  -0.24  0.04  -0.43*  0.09  0.18 

 
0.09 

 (-0.04 to 0.58)  (-0.45 to 0.21) 
 

(-0.52 to 0.11) 
 

(-0.30 to 0.37) 
 

(-0.67 to -0.11) 
 

(-0.26 to 0.41) 
 

(-0.16 to 0.49)  (-0.25 to 0.41) 

RSI 

 
0.32 

 
-0.03  0.05  0.02  -0.29  -0.05  0.01 

 
-0.16 

 (-0.02 to 0.59)  (-0.37 to 0.31) 
 

(-0.30 to 0.38) 
 

(-0.32 to 0.35) 
 

(-0.57 to 0.05) 
 

(-0.38 to 0.29) 
 

(-0.33 to 0.35)  (-0.47 to 0.19) 

Hip torque/CT 
ratio 

 
0.39 

 
0.44*  0.20  0.09  -0.06  0.13  -0.03 

 
-0.27 

 (0.06 to 0.64)  (0.12 to 0.67) 
 

(-0.14 to 0.50) 
 

(-0.26 to 0.41) 
 

(-0.39 to 0.29) 
 

(-0.22 to 0.44) 
 

(-0.37 to 0.31)  (-0.56 to 0.07) 

 
Bold font indicates that the relationship is deemed greater than the smallest clinically important correlation coefficient (r = ± 0.26) 
 

Asterisks indicate statistical significance (p = < 0.05) 
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APPENDIX G – TRAINING UNDERTAKEN BY PARTICIPANTS IN CHAPTER 7 
 

Figure G.1. Training undertaken by participants T1-T4, S1 and C1-C3 during the baseline phase. A PDF copy of this with video demonstrations of the exercises in 
speed the training undertaken can be accessed here: https://www.dropbox.com/s/krep69u3r9wykr7/Figure%20D.1.%20Baseline.pdf?dl=0 
 

 

-5 -4 -3 -2 -1 0 -5 -4 -3 -2 -1 0

Exercise Exercise Exercise Exercise

SA DB flat press 4 x 8 4 x 8 4 x 6 SA DB flat press 4 x 6 4 x 6 - Switch (single) 2 x 5m 2 x 8m 2 x 10m Switch (triple) 2 x 8m 2 x 10m 3 x 15m

SA DB row 4 x 8 4 x 8 4 x 6 SA DB row 4 x 6 4 x 6 - Switch (triple) 2 x 5m 2 x 5m 2 x 8m Straight leg bound 3 x 10m 3 x 15m 2 x 20m

BB javelin press 4 x 10 4 x 10 4 x 10 BB javelin press 4 x 10 4 x 8 - Straight leg bound 2 x 8m 2 x 10m 2 x 10m Jump conditioning 2
x 2 rounds 

(5 reps)

x 2 rounds 

(5 reps)

x 2 rounds 

(5 reps)

Half kneeling cable row 4 x 10 4 x 10 4 x 10 Half kneeling cable row 4 x 10 4 x 8 - Jump conditioning 1
x 2 rounds 

(6 reps)

x 2 rounds 

(6 reps)

x 2 rounds 

(6 reps)
Medball heave (upwards) 2 x 2 (8kg)

2 x 2 

(10kg)

2 x 3 

(10kg)

Chin ups
3 x 

AP

3 x 

AP

3 x 

AP
Chin ups

3 x 

AP

3 x 

AP
- Medball heave (upwards) 2 x 2 (5kg) 2 x 3 (5kg) 2 x 3 (8kg) Resisted acceleration bound 2 x 10m 2 x 10m 2 x 10m

Press ups
3 x 

AP

3 x 

AP

3 x 

AP
Press ups

3 x 

AP

3 x 

AP
- Resisted acceleration bound 2 x 5m 2 x 10m 2 x 10m Resisted sprint

2 x 10m 

(40kg)

2 x 10m 

(60kg)
-

Bulgarian split squat ISOs holdᵃ 3 x 5 3 x 5 3 x 5 Squat jump (20kg) 4 x 4 4 x 4 4 x 4 Resisted sprint - -
1 x 10m 

(40kg)
Sprint (2-point start) 3 x 30m 4 x 20m 3 x 30m

Supine SL hip ext. ISOsᵇ 3 x 5 3 x 5 3 x 5 Back squat 3 x 5 3 x 5 3 x 5 Sprint (2-point start) 2 x 10m 3 x 30m 2 x 10m

Seated SL calf raise 2 x 10 2 x 10 2 x 10 DB walking lunge 3 x 5 3 x 5 3 x 5 Sprint (2-point start) - - 2 x 15m

Romanian deadlift 3 x 5 3 x 5 3 x 5 Dribble (shin) 2 x 20m 2 x 20m 2 x 20m Hop conditioning 2
x 2 rounds 

(4 reps)

x 2 rounds 

(4 reps)

x 2 rounds 

(4 reps)

Squat jump (20kg) 2 x 4 3 x 4 3 x 4 Incline bench press 3 x 4 4 x 3 4 x 3 Dribble (knee) 2 x 10m 2 x 10m 2 x 10m Pogo (maximal) 2 x 5m 2 x 8m 2 x 10m

Back squat 3 x 5 3 x 5 3 x 5 Weighted chin up 3 x 5 4 x 5 4 x 5 Hop conditioning 1
x 2 rounds 

(4 reps)

x 2 rounds 

(4 reps)

x 2 rounds 

(4 reps)
Dribble (knee) 2 x 15m 2 x 20m 2 x 20m

Romanian deadlift 3 x 5 3 x 5 3 x 5 Prone DB row 3 x 8 4 x 8 4 x 8 Pogo (rhythmic) 2 x 10m 3 x 10m 3 x 10m Sprint (2-point start) 1 x 10m 1 x 10m 1 x 20m

Rollouts 3 x 8 3 x 8 3 x 10 DB reverse fly 3 x 10 4 x 10 4 x 10 Sprint (upright, rolling start) - 2 x 10m 2 x 10m Sprint (2-point start) 1 x 20m 1 x 20m 2 x 40m

Weighted press ups 4 x 15 4 x 20 4 x 25 Sprint (2-point start) - - 1 x 15m Sprint (upright, rolling start) 2 x 15m 2 x 20m -

Nordic curl (band assisted) 3 x 5 3 x 5 3 x 5 Sprint (2-point start) 3 x 30m 2 x 10m 3 x 20m

Incline bench press 4 x 5 4 x 5 4 x 5

Weighted chin up 4 x 6 4 x 6 4 x 6

Prone DB row 4 x 8 4 x 8 4 x 8

Close-grip press up 4 x 20 4 x 20 4 x 20

Incline DB fly 3 x 10 3 x 10 3 x 10

BB curl 3 x 12 3 x 12 3 x 12

Nordic curl (band assisted) 3 x 5 3 x 5 3 x 5
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Speed key: m = metres; red shaded contents = testing sessions during which acceleration technique and performance data were 

obtained from participants; exercises underlined are linked to video demonstrations which can be accessed through a PDF version of this 

programme

Strength notes: generally, participants selected a load whereby 1-3 reps were left in reserve for each set. Rest 

between sets were typically 60-150s, with the lower and higher ends of this rest continuum applied to exercises when 

intensity was lower and higher respectively. ᵃParticipants held for 5 s in the bottom position for each rep. ᵇCompleted 

in the set up position for the hip torque test, participants attempted to 'push' the immovable bar upwards, gradually 

increasing their effort (similar to Balshaw et al., 2016) to ~80% of their maximum and held this intensity for 3s before 

resting for 5s in each in rep. Shaded rows depict supersets, whereby participants alternated between exercises with 

small rest (~15-45s) between each exercise and longer rest (~90-150s) between sets. Warm-up sets have not been 

included in the programme detailed. Participants had followed a home-based (predominantly bodyweight) strength 

programme for 3 weeks prior to the start of the baseline period

Speed notes: rest between sets for drills and jumping exercises typically 

involved a slow walk back between each set. For throw-based exercises rest 

between sets was typically ~90s. For sprint-based activities 60s of rest for every 

10m travelled in the effort was employed between sets (e.g., a 20 m sprint 

would result in a 120s rest). The exception to this was during testing where 4-5 

minutes of rest were taken between sprints. On testing occasions, sprint efforts 

were completed before all other activities. Warm-up sets have not been included 

in the programme detailed. Participants had followed a home-based speed 

programme including sprinting over distances progressing from 5 m to 20 m over 

3 weeks prior to the start of the baseline period

                                                                         

Strength key: SA = single arm; SL = single leg; DB = 

dumbbell; BB = barbell;  ISOs = isometrics; AP = as many 

reps as possible    
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https://www.dropbox.com/s/krep69u3r9wykr7/Figure%20D.1.%20Baseline.pdf?dl=0
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Figure G.2. Strength training undertaken by participants T1-T4, S1 and C1-C3 during the intervention phase.  
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Figure G.3. Speed training undertaken by participants T1-T4, S1 and C1-C3 during the intervention phase. A PDF copy of this with video demonstrations of the 
exercises undertaken can be accessed here: https://www.dropbox.com/s/e3ofmmt26cacpd7/Figure%20D.3.%20Speed%20intervention.pdf?dl=0 
 

 
 

 

https://www.dropbox.com/s/e3ofmmt26cacpd7/Figure%20D.3.%20Speed%20intervention.pdf?dl=0
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APPENDIX H: RELATIONSHIPS OF WHOLE_BODY KINEMATIC STRATEGIES AND NORMALISED SPATIOTEMPORAL VARIABLES WIITH INITIAL 

ACCELERATION PERFORMANCE (see Figure 7.2 for participant 33 who was the other participant [n = 19] included in this analysis) 

 

 
Figure H.1. Whole-body kinematic strategy (a,c and e) of participants T1-T3. Each marker depicts a single sprint with marker sizes reflecting acceleration performance (a larger 
marker size equates to greater NAHEP). Where whole-body kinematics are meaningfully related to NAHEP, the theoretical favourable direction change in strategy for better sprint 
performance is included as a compass bearing. Relationships (with 90% confidence intervals) of their whole-body kinematic strategy, normalised spatiotemporal variables and 

length/rate and contact/flight ratios with NAHEP and 5 m time are also shown (b, d and f). For clarity, to aid comparisons between relationships of NAHEP and 5 time with 
variables, the direction of relationships between 5 m time and variables has been inverted. Black filled makers depict relationships r ≥ 0.43 and asterisks indicate that 
relationships are statistically significant (p < 0.05). Dark blue, participant number boxes denote individuals who underwent a technical intervention 
 

WB = whole-body kinematic strategy; SL/SR = length/rate ratio; CT/FT = contact/flight ratio; SL = step length; SR = step rate; CT = contact time; FT = flight time 
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Figure H.2. Whole-body kinematic strategy (a,c and e) of participants T4, S1 and C1. Each marker depicts a single sprint with marker sizes reflecting acceleration performance (a 
larger marker size equates to greater NAHEP). Where whole-body kinematics are meaningfully related to NAHEP, the theoretical favourable direction change in strategy for better 
sprint performance is included as a compass bearing. Relationships (with 90% confidence intervals) of their whole-body kinematic strategy, normalised spatiotemporal variables 

and length/rate and contact/flight ratios with NAHEP and 5 m time are also shown (b, d and f). For clarity, to aid comparisons between relationships of NAHEP and 5 time 
with variables, the direction of relationships between 5 m time and variables has been inverted. Black filled makers depict relationships r ≥ 0.43 and asterisks indicate 
that relationships are statistically significant (p < 0.05). Dark blue, orange or grey-filled participant number boxes denote technical intervention, strength intervention or control 
participants respectively.  
 

WB = whole-body kinematic strategy; SL/SR = length/rate ratio; CT/FT = contact/flight ratio; SL = step length; SR = step rate; CT = contact time; FT = flight time 
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Figure H.3. Whole-body kinematic strategy (a,c and e) of participants C2, C3 and P1. Each marker depicts a single sprint with marker sizes reflecting acceleration performance (a 
larger marker size equates to greater NAHEP). Where whole-body kinematics are meaningfully related to NAHEP, the theoretical favourable direction change in strategy for better 
sprint performance is included as a compass bearing. Relationships (with 90% confidence intervals) of their whole-body kinematic strategy, normalised spatiotemporal variables 

and length/rate and contact/flight ratios with NAHEP and 5 m time are also shown (b, d and f). For clarity, to aid comparisons between relationships of NAHEP and 5 time 
with variables, the direction of relationships between 5 m time and variables has been inverted. Black filled makers depict relationships r ≥ 0.43 and asterisks indicate 
that relationships are statistically significant (p < 0.05). Grey-filled participant number boxes denote control participants and white-filled participant number boxes denote 
participants involved in baseline (Stages 1 and 2) only.  
 

WB = whole-body kinematic strategy; SL/SR = length/rate ratio; CT/FT = contact/flight ratio; SL = step length; SR = step rate; CT = contact time; FT = flight time 
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Figure H.4. Whole-body kinematic strategy (a,c and e) of participants 2,3 and 14. Each marker depicts a single sprint with marker sizes reflecting acceleration performance (a 
larger marker size equates to greater NAHEP). Where whole-body kinematics are meaningfully related to NAHEP, the theoretical favourable direction change in strategy for 
better sprint performance is included as a compass bearing. Relationships (with 90% confidence intervals) of their whole-body kinematic strategy, normalised spatiotemporal 

variables and length/rate and contact/flight ratios with NAHEP and 5 m time are also shown (b, d and f). For clarity, to aid comparisons between relationships of NAHEP 
and 5 time with variables, the direction of relationships between 5 m time and variables has been inverted. Black filled makers depict relationships larger than r ≥ 
0.43 and asterisks indicate that relationships are statistically significant (p < 0.05). Participants were involved in baseline (Stages 1 and 2) only 
 

WB = whole-body kinematic strategy; SL/SR = length/rate ratio; CT/FT = contact/flight ratio; SL = step length; SR = step rate; CT = contact time; FT = flight time 
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Figure H.5. Whole-body kinematic strategy (a,c and e) of participants 17-19. Each marker depicts a single sprint with marker sizes reflecting acceleration performance (a larger 
marker size equates to greater NAHEP). Where whole-body kinematics are meaningfully related to NAHEP, the theoretical favourable direction change in strategy for better 
sprint performance is included as a compass bearing. Relationships (with 90% confidence intervals) of their whole-body kinematic strategy, normalised spatiotemporal variables 

and length/rate and contact/flight ratios with NAHEP and 5 m time are also shown (b, d and f). For clarity, to aid comparisons between relationships of NAHEP and 5 
time with variables, the direction of relationships between 5 m time and variables has been inverted. Black filled makers depict relationships larger than r ≥ 0.43 and 
asterisks indicate that relationships are statistically significant (p < 0.05). Participants were involved in baseline (Stages 1 and 2) only. 
 

WB = whole-body kinematic strategy; SL/SR = length/rate ratio; CT/FT = contact/flight ratio; SL = step length; SR = step rate; CT = contact time; FT = flight time 
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Figure H.6. Whole-body kinematic strategy (a,c and e) of participants 20,25 and 32. Each marker depicts a single sprint with marker sizes reflecting acceleration performance (a 
larger marker size equates to greater NAHEP). Where whole-body kinematics are meaningfully related to NAHEP, the theoretical favourable direction change in strategy for 
better sprint performance is included as a compass bearing. Relationships (with 90% confidence intervals) of their whole-body kinematic strategy, normalised spatiotemporal 

variables and length/rate and contact/flight ratios with NAHEP and 5 m time are also shown (b, d and f). For clarity, to aid comparisons between relationships of NAHEP 
and 5 time with variables, the direction of relationships between 5 m time and variables has been inverted. Black filled makers depict relationships larger than r ≥ 
0.43 and asterisks indicate that relationships are statistically significant (p < 0.05). Participants were involved in baseline (Stages 1 and 2) only. 
 

WB = whole-body kinematic strategy; SL/SR = length/rate ratio; CT/FT = contact/flight ratio; SL = step length; SR = step rate; CT = contact time; FT = flight time 




