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Abstract 

Practice to pitch: 

The relationship between force-velocity profiles 

and match-day performance 

of semi-professional rugby union players 

by 

Ormond Heather 

Introduction: Previous research has investigated team match statistics to determine the most 

prominent in successful rugby teams, termed rugby performance indicators (RPIs). Coaches believe 

emphasising specific RPIs may increase team success. Recent advancements in force-velocity 

profiling (FVP) have allowed coaches to better assess the neuromuscular performance of athletes. 

However, while profiling metrics have been explored in biomechanically simple activities such as 

sprinting and jumping, little is known about the value of FVP in informing training for sport-specific 

tasks in rugby. In addition, most exercises used in resistance training (practice) occur in the vertical 

plane of motion, whilst the majority of performance indicators used on match-day (pitch) require 

players to exert force in a horizontal direction.  This study investigates the relationships between 

force-velocity profiles (FVPs) obtained from four common resistance exercises and match-day RPIs. 

Investigating these relationships may provide coaches with the tools to enhance performance in 

practice and translate it to the pitch. Aim: This study aimed to determine the relationship between 

athlete neuromuscular performance derived from FVPs, and RPIs. Participants: This study recruited 

22 semi-professional male rugby players (weight 102.5 ± 12.6kg, height 185 ± 7.4cm, age 24.4 ± 

3.4years). Playing positions were distributed as backs (n=10) and forwards (n=12). Methods: 

Athletes performed four exercises (sled push, sled pull, back squat and jammer push-press) at 
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incremental loads to establish FVPs. Rugby performance indicators (post-contact metres, tries, 

turnovers conceded, tackles, try assists, metres run, tackle-breaks and defenders beaten) were 

collected over nine weeks of a competitive season. Statistical analysis: Correlational analysis was 

used to determine the relationship between the results of FVP and RPIs. Results: There was a 

statistically significant, moderate, positive correlation between tackle-breaks and sled push V0 

(r=.35, p=.048). Significant, large, positive correlations between tackles and jammer push-press V0 

(r=.53, p=.049), tackle-breaks and sled pull F0  (r=.53, p=.02) and tackle-breaks and sled pull Sfv 

(r=.53, p=.02). There was a significant, negative relationship between sled pull V0 and tackle-breaks 

(r=-.49, p=.04). The largest, significant correlation reported was between metres run and sled pull 

F0  (r=.66, p=.03).  Conclusion: Results suggest horizontal resistance training may be best to 

enhance RPIs (tackle-breaks, tackles and metre run) and that maximal power is not indicative of 

successful match performance. Instead, a specified balance between force and velocity is best, 

depending on the positional demands and the rugby performance indicator of interest. Therefore, 

coaches should conduct FVP to identify deficits and prescribe individualised training to create 

optimal profiles, either force or velocity dominant. 

Keywords: Rugby union, rugby performance indicators, force-velocity profiles, vertical resistance 

training, horizontal resistance training, specificity, exercise prescription, optimal performance 



 

iv 
 

Acknowledgements 

Throughout this thesis, I have received a great deal of support and assistance.  

I would first like to thank my supervisors, Dr Russell Rayner and Dr Patrick Lander, for their 

relentless guidance. Your eagle-eyed feedback sharpened my intelligence, encouraging me to think 

outside the box. Your patience and understanding have shaped me into a better student and a 

better lecturer. I strive to provide the same compassionate service to students as you have for me. 

I would also like to acknowledge Tuterangi Nepe-Apatu and Raun ‘Big dog’ Makirere-Haerewa, who 

kickstarted my passion for Strength & Conditioning all those years ago. You two played pivotal roles 

in my success. From sitting at the back of the class learning to now standing at the front teaching. 

This thesis is also a product of the hard work you have put in throughout the years.  

I would like to thank Luke Stephenson and other Hawke’s Bay Rugby Union staff for their 

assistance. Also, I would like to thank our participants. Without you, this study would not have been 

possible. 

To Michael, Mikal, Rangatira, Jamie, and Doug, I also thank you. Your enthusiasm for sports science 

is evident and will see you succeed.  

Finally, a special mention to my partner Mia. I could not have completed this without your ongoing 

support. The countless instances of household responsibilities you took over allowed me to 

immerse myself in this thesis. Those sacrifices you made never went unnoticed, even when it 

seemed as if they did. Words could not begin to describe how blessed I was to have you throughout 

this journey.  

 

 

 



 

v 
 

Table of Contents 
 
 

Abstract ................................................................................................................................ ii 

Acknowledgements .............................................................................................................. iv 

List of Tables ....................................................................................................................... viii 

Table of Abbreviations .......................................................................................................... ix 

List of Figures ........................................................................................................................ x 

Chapter 1 Introduction .......................................................................................................... 1 
1.1 Introduction ........................................................................................................................... 1 

1.2 Aims and hypothesis ............................................................................................................. 5 

1.3 Research questions ............................................................................................................... 5 

1.4 Justification............................................................................................................................ 6 

Chapter 2 Literature review ................................................................................................... 7 
2.1 Rugby demands ..................................................................................................................... 7 

2.1.1 The gainline ............................................................................................................ 11 
2.1.2 Strength and speed-strength ................................................................................. 12 

2.2 Resistance training considerations ..................................................................................... 15 
2.2.1 Resistance training for performance ..................................................................... 15 
2.2.2 Importance of specificity ........................................................................................ 15 
2.2.3 Tackle contest and inelastic collisions ................................................................... 19 
2.2.4 Training horizontal force ........................................................................................ 22 

2.3 Force-velocity profiling ....................................................................................................... 26 
2.3.1 Traditional exercise prescription ............................................................................ 26 
2.3.2 Force-velocity profiling ........................................................................................... 27 
2.3.3 Benefits of force-velocity profiling ......................................................................... 31 
2.3.4 Horizontal orientation profiling ............................................................................. 35 
2.3.5 Applying force-velocity profiles to rugby............................................................... 37 

Chapter 3 Methods .............................................................................................................. 38 
3.1 Experimental design ............................................................................................................ 38 

3.2 Participants .......................................................................................................................... 38 
3.2.1 Overview ................................................................................................................. 38 
3.2.2 Eligibility ................................................................................................................. 39 
3.2.3 Sample size ............................................................................................................. 39 

3.3 Testing protocol overview .................................................................................................. 40 

3.4 Load cell calibration ............................................................................................................ 40 
3.4.1 Load cell calibration procedure .............................................................................. 41 
3.4.2 Load cell calibration results ................................................................................... 42 



 

vi 
 

3.5 Coefficient of sliding friction testing .................................................................................. 42 
3.5.1 Coefficient of sliding friction results ...................................................................... 44 

3.6 Group allocation for testing ................................................................................................ 44 

3.7 Data collection ..................................................................................................................... 46 
3.7.1 Warm-up ................................................................................................................. 46 
3.7.2 Barbell box squat .................................................................................................... 46 
3.7.3 Jammer push-press ................................................................................................. 48 
3.7.4 Sled pull ................................................................................................................... 49 
3.7.5 Sled push ................................................................................................................. 52 

3.8 Force-velocity profiling ....................................................................................................... 54 
3.8.1 Methods to determine particpants's neuromuscular abilities .............................. 54 

3.9 Match-day rugby performance indicators data collection ................................................ 55 

3.10 Statistical analyses .............................................................................................................. 57 
3.10.1 Data exclusions ....................................................................................................... 57 
3.10.2 Preliminary analyses .............................................................................................. 57 

Chapter 4 Results ................................................................................................................. 58 
4.1 Participant testing ............................................................................................................... 58 

4.1.1 Baseline data .......................................................................................................... 58 
4.1.2 Force-velocity profile test results ........................................................................... 58 

4.2 Match-day rugby performance indicators .......................................................................... 59 

4.3 Statistical analyses .............................................................................................................. 60 
4.3.1 Correlation results .................................................................................................. 60 

Chapter 5 Discussion ............................................................................................................ 62 
5.1 Horizontal resistance training to enhance rugby performance indicators ....................... 62 

5.1.1 Specificity of horizontal resistance training to rugby performance indicators .... 63 
5.2 Sled push and tackle-breaks ............................................................................................... 65 

5.2.1 Low body positions and force orientation ............................................................. 66 
5.2.2 Velocity enhances momentum into the tackle contest ......................................... 67 
5.2.3 Fixed arm position limits evasive strategies.......................................................... 68 
5.2.4 Stronger defensive positions during front-on tackles ........................................... 70 

5.3 Sled pull and tackle-breaks ................................................................................................. 71 
5.3.1 Evasive strategies and the ‘pull-contact’ phase .................................................... 72 
5.3.2 Sled pull force during the pull-contact phase of the tackle .................................. 74 

5.4 Sled pull and metres run ..................................................................................................... 75 

5.5 Jammer push-press and tackles .......................................................................................... 77 
5.5.1 A combination of upper and lower limb movements relates to tackling 

performance ........................................................................................................... 77 
5.5.2 Positions in the tackle and jammer push-press ..................................................... 78 
5.5.3 Tackle height and force application ...................................................................... 79 
5.5.4 Tackler velocity at contact ..................................................................................... 80 

5.6 Maximal power vs speed-strength for performance indicators ........................................ 81 

Chapter 6 Practical applications ........................................................................................... 83 



 

vii 
 

 
Chapter 7 Limitations ........................................................................................................... 86 
7.1 Time constraints .................................................................................................................. 86 

7.2 Sample size .......................................................................................................................... 86 

7.3 Training assumptions .......................................................................................................... 86 

7.4 Familiarisation period and standardising ........................................................................... 87 

7.5 Statistics per match ............................................................................................................. 87 

7.6 Coefficient of sliding friction testing .................................................................................. 87 

Chapter 8 Conclusion ........................................................................................................... 88 

Chapter 9 References ........................................................................................................... 89 

Chapter 10 Appendices ...................................................................................................... 103 

Appendix A Warm-up (RAMP) protocol .............................................................................. 103 

Appendix B Coefficient of sliding friction testing ................................................................. 106 
B.1 Load cell calibration ................................................................................................. 106 

B.2 Coefficient of sliding friction testing ......................................................................... 107 



 

viii 
 

List of Tables 

Table 1: Group allocations ............................................................................................................. 44 

Table 2: Group rotation order ........................................................... Error! Bookmark not defined. 

Table 3: Formula to determine neuromuscular performance ....................................................... 54 

Table 4: Rugby performance indicator definitions ......................................................................... 56 

Table 5: Team descriptive data ...................................................................................................... 58 

Table 6: Team force-velocity data .................................................................................................. 59 

Table 7: Player performance indicators statistics .......................................................................... 59 

Table 8: Correlations between rugby performance indicators and neuromuscular performance  

of four exercises ........................................................................................................ 61 

 

 

  



 

ix 
 

Table of Abbreviations 

Abbreviation Definition  

% 1RM Percentage of one-repetition max 

1RM One-repetition max 

F0 Maximal force at zero velocity  

FVP Force-velocity profile 

FVPs Force-velocity profiles 

FVR Force-velocity relationship 

Kg Kilogram 

LPT Linear position transducer 

MVT Minimal velocity threshold 

PCM Post-contact metres 

Pmax Maximal power for a given force-velocity profile 

RAMP Warm-up phases: Raise, activate, mobilise, potentiate 

RM Repetition max 

RPI Rugby performance indicator 

RPIs Rugby performance indicators 

Sfv Slope of force-velocity profile 

V0 Maximal velocity at zero force  

VBT Velocity-based training 

 

 

 

 

 

 

 

 

 

 

 

 



 

x 
 

List of Figures 
 

Figure 2-1: Phases of the tackle contest .......................................................................................... 8 

Figure 2-2: The gainline .................................................................................................................. 11 

Figure 2-3: Impulse-momentum relationship during the contact phase of the tackle contest ..... 20 

Figure 2-4:Impulse-momentum relationship during the post-contact phase of the tackle contest

 ................................................................................................................................... 20 

Figure 2-5: Weightlifting derivatives of the force-velocity relationship ........................................ 28 

Figure 2-6: Identifying force-velocity deficits................................................................................. 31 

Figure 2-7: Mechanical abilities of the neuromuscular system ..................................................... 32 

Figure 3-1: Data collection process ................................................................................................ 40 

Figure 3-2: Hanging load cell calibration ........................................................................................ 41 

Figure 3-3: Coefficient of sliding friction testing ............................................................................ 43 

Figure 3-4: Coefficient of sliding friction regression ...................................................................... 44 

Figure 3-5: Jammer push-press and barbell back squat setup....................................................... 49 

Figure 3-6: Sled pull setup .............................................................................................................. 51 

Figure 3-7: Sled push setup ............................................................................................................ 53 

Figure 4-1: Force-velocity profile example..................................................................................... 58 

Figure 5-1: Force and velocity relationship throughout the tackle contest................................... 65 

Figure 5-2: Force and velocity relationship during sprinting ......................................................... 67 

Figure 5-3: Fending strategy........................................................................................................... 69 

Figure 5-4: Tackle contest entry points .......................................................................................... 71 

Figure 5-5: Evasive strategies create vulnerable defenders .......................................................... 73 

Figure 6-1: Force-velocity relationship of performance indicators ............................................... 84 

https://temahau-my.sharepoint.com/personal/oheather_eit_ac_nz/Documents/Ormond%20Masters/Practice%20to%20pitch.%20The%20relationship%20between%20force-velocity%20profiles%20and%20match-day%20performance%20of%20semi-professional%20Rugby%20Union%20players.docx#_Toc102025430
https://temahau-my.sharepoint.com/personal/oheather_eit_ac_nz/Documents/Ormond%20Masters/Practice%20to%20pitch.%20The%20relationship%20between%20force-velocity%20profiles%20and%20match-day%20performance%20of%20semi-professional%20Rugby%20Union%20players.docx#_Toc102025431
https://temahau-my.sharepoint.com/personal/oheather_eit_ac_nz/Documents/Ormond%20Masters/Practice%20to%20pitch.%20The%20relationship%20between%20force-velocity%20profiles%20and%20match-day%20performance%20of%20semi-professional%20Rugby%20Union%20players.docx#_Toc102025432
https://temahau-my.sharepoint.com/personal/oheather_eit_ac_nz/Documents/Ormond%20Masters/Practice%20to%20pitch.%20The%20relationship%20between%20force-velocity%20profiles%20and%20match-day%20performance%20of%20semi-professional%20Rugby%20Union%20players.docx#_Toc102025433
https://temahau-my.sharepoint.com/personal/oheather_eit_ac_nz/Documents/Ormond%20Masters/Practice%20to%20pitch.%20The%20relationship%20between%20force-velocity%20profiles%20and%20match-day%20performance%20of%20semi-professional%20Rugby%20Union%20players.docx#_Toc102025433
https://temahau-my.sharepoint.com/personal/oheather_eit_ac_nz/Documents/Ormond%20Masters/Practice%20to%20pitch.%20The%20relationship%20between%20force-velocity%20profiles%20and%20match-day%20performance%20of%20semi-professional%20Rugby%20Union%20players.docx#_Toc102025434
https://temahau-my.sharepoint.com/personal/oheather_eit_ac_nz/Documents/Ormond%20Masters/Practice%20to%20pitch.%20The%20relationship%20between%20force-velocity%20profiles%20and%20match-day%20performance%20of%20semi-professional%20Rugby%20Union%20players.docx#_Toc102025435
https://temahau-my.sharepoint.com/personal/oheather_eit_ac_nz/Documents/Ormond%20Masters/Practice%20to%20pitch.%20The%20relationship%20between%20force-velocity%20profiles%20and%20match-day%20performance%20of%20semi-professional%20Rugby%20Union%20players.docx#_Toc102025436
https://temahau-my.sharepoint.com/personal/oheather_eit_ac_nz/Documents/Ormond%20Masters/Practice%20to%20pitch.%20The%20relationship%20between%20force-velocity%20profiles%20and%20match-day%20performance%20of%20semi-professional%20Rugby%20Union%20players.docx#_Toc102025437
https://temahau-my.sharepoint.com/personal/oheather_eit_ac_nz/Documents/Ormond%20Masters/Practice%20to%20pitch.%20The%20relationship%20between%20force-velocity%20profiles%20and%20match-day%20performance%20of%20semi-professional%20Rugby%20Union%20players.docx#_Toc102025438
https://temahau-my.sharepoint.com/personal/oheather_eit_ac_nz/Documents/Ormond%20Masters/Practice%20to%20pitch.%20The%20relationship%20between%20force-velocity%20profiles%20and%20match-day%20performance%20of%20semi-professional%20Rugby%20Union%20players.docx#_Toc102025439
https://temahau-my.sharepoint.com/personal/oheather_eit_ac_nz/Documents/Ormond%20Masters/Practice%20to%20pitch.%20The%20relationship%20between%20force-velocity%20profiles%20and%20match-day%20performance%20of%20semi-professional%20Rugby%20Union%20players.docx#_Toc102025440
https://temahau-my.sharepoint.com/personal/oheather_eit_ac_nz/Documents/Ormond%20Masters/Practice%20to%20pitch.%20The%20relationship%20between%20force-velocity%20profiles%20and%20match-day%20performance%20of%20semi-professional%20Rugby%20Union%20players.docx#_Toc102025441
https://temahau-my.sharepoint.com/personal/oheather_eit_ac_nz/Documents/Ormond%20Masters/Practice%20to%20pitch.%20The%20relationship%20between%20force-velocity%20profiles%20and%20match-day%20performance%20of%20semi-professional%20Rugby%20Union%20players.docx#_Toc102025442
https://temahau-my.sharepoint.com/personal/oheather_eit_ac_nz/Documents/Ormond%20Masters/Practice%20to%20pitch.%20The%20relationship%20between%20force-velocity%20profiles%20and%20match-day%20performance%20of%20semi-professional%20Rugby%20Union%20players.docx#_Toc102025443
https://temahau-my.sharepoint.com/personal/oheather_eit_ac_nz/Documents/Ormond%20Masters/Practice%20to%20pitch.%20The%20relationship%20between%20force-velocity%20profiles%20and%20match-day%20performance%20of%20semi-professional%20Rugby%20Union%20players.docx#_Toc102025444
https://temahau-my.sharepoint.com/personal/oheather_eit_ac_nz/Documents/Ormond%20Masters/Practice%20to%20pitch.%20The%20relationship%20between%20force-velocity%20profiles%20and%20match-day%20performance%20of%20semi-professional%20Rugby%20Union%20players.docx#_Toc102025445
https://temahau-my.sharepoint.com/personal/oheather_eit_ac_nz/Documents/Ormond%20Masters/Practice%20to%20pitch.%20The%20relationship%20between%20force-velocity%20profiles%20and%20match-day%20performance%20of%20semi-professional%20Rugby%20Union%20players.docx#_Toc102025447
https://temahau-my.sharepoint.com/personal/oheather_eit_ac_nz/Documents/Ormond%20Masters/Practice%20to%20pitch.%20The%20relationship%20between%20force-velocity%20profiles%20and%20match-day%20performance%20of%20semi-professional%20Rugby%20Union%20players.docx#_Toc102025448
https://temahau-my.sharepoint.com/personal/oheather_eit_ac_nz/Documents/Ormond%20Masters/Practice%20to%20pitch.%20The%20relationship%20between%20force-velocity%20profiles%20and%20match-day%20performance%20of%20semi-professional%20Rugby%20Union%20players.docx#_Toc102025449
https://temahau-my.sharepoint.com/personal/oheather_eit_ac_nz/Documents/Ormond%20Masters/Practice%20to%20pitch.%20The%20relationship%20between%20force-velocity%20profiles%20and%20match-day%20performance%20of%20semi-professional%20Rugby%20Union%20players.docx#_Toc102025450


 

1 
 

Chapter 1 

Introduction 

1.1 Introduction 

Rugby is a high collision, intermittent sport where teams advance into the opposition’s 

territory to score as many points as possible (Brazier et al., 2020). As in all invasion sports, the 

primary goal is to move the ball into the opposition’s territory and score a goal. Research 

suggests that teams who dominate territory are more likely to succeed (Bishop & Barnes, 

2013; Kempton et al., 2017). The gainline is an imaginary line that intersects a set piece or 

breakdown (Tierney et al., 2018a) and represents the team’s territory at that moment of the 

game. Advancing beyond the gainline signifies a gain in territory (Hendricks et al., 2013), which 

is also indicative of success (Hendricks et al., 2013; Tierney et al., 2018). This may be achieved 

by the attacking player breaking an attempted tackle i.e.tackle-break, or the attacking player 

breaching the defensive line by avoiding contact, i.e. line-breaks (Wheeler & Sayers, 2009). The 

same principle applies to defenders, who aim to halt the opposition from reaching the gainline 

by making effective tackles (Hendricks et al., 2013).  

Tackle statistics may be considered performance measures, otherwise known as rugby 

performance indicators (RPIs). RPIs (e.g. tackle-breaks, line-breaks or tackles) are believed to 

offer some match outcome prediction. Coaches believe that replicating the RPIs prominent in 

successful teams may enhance their winning rates. Given that resistance training is one 

common method typically prescribed to enhance performance, it may be beneficial to 

understand how the neuromuscular performance (force and velocity capabilities) of players 

influences territory-based RPIs to advance beyond the gainline or defend it (Hendricks et al., 

2013; Tierney et al., 2018a).  
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 In 2013, Bishop and Barnes reported two territory-based strategies were used in rugby 

union; territory-tactical and possession-based (Bishop & Barnes, 2013). The territory-tactical 

approach showed successful teams displayed more kicking the ball out of hand, fewer passes, 

carries, and rucks (which are examples of RPIs) than losing teams and, presumably, reducing 

the occasions of the tackle contest (Wheeler & Sayers, 2009). The other strategy identified was 

the possession-based strategy, where teams retain the ball and gradually make their way 

down the field. In the Bishop & Barnes (2013) study, this strategy indicated losing teams, 

possibly because this approach also creates more occasions for the tackle contest (for 

example, RPIs may include the amount of tackle-breaks or line-breaks). One problem with the 

territory-tactical approach is that specialised players perform kicking duties. Although research 

supports the territory-tactical approach as more successful, relying on a minority of players to 

dictate the team’s success may be naive.  

 The tackle contest is an integral aspect of the sport of rugby. Of late, new rules have 

been introduced to promote ball in hand (Bunker & Spencer, 2020). Thus, contrary to Bishop 

and Barnes (2013), more recent research suggests that teams who dominate the tackle contest 

are more likely to succeed (Tierney et al., 2018a). The complex and evolving nature of the 

sport of rugby may explain the discrepancies in research (Passos et al., 2008). Therefore, 

performance indicators surrounding the possession-based strategy are still worth 

investigating, specifically the tackle contest. The tackle contest is broken into three phases; 

pre-contact, contact and post-contact (Tierney et al., 2018a; Wheeler & Sayers, 2009) for a 

graphical representation. In this thesis, the tackle contest will refer to contact that initiates a 

tackle between two players unless otherwise specified. 

 As players collide, they must forcefully push their opponent to continue progressing 

forward against their opposition’s resistance. To do so, they must exert muscular strength and 

speed-strength, vital for the tackle contest (Hendricks, Matthews, et al., 2014; Speranza et al., 
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2015, 2016; Tierney et al., 2018a; Wheeler & Sayers, 2009). Entering contact at higher 

velocities, and with larger momentum, is more likely to result in a favourable outcome for 

those trying to break the gainline (Wheeler & Sayers, 2009). Enhancing strength and speed-

strength improves the player’s neuromuscular performance, improving their ability to advance 

beyond the gainline or defend it (Tierney et al., 2018a; K. Wheeler & Sayers, 2009).  

 Resistance training is commonly prescribed to enhance athletic performance (Lockie et 

al., 2012; Schoenfeld, 2010; Speranza et al., 2015, 2016) and may reduce the risk of injury 

(Geary et al., 2014; Mills et al., 2019; Young, 2006). The training principle of specificity ensures 

optimal transference of a player's neuromuscular performance between practice (resistance 

training) and pitch (match-day performance). 

 Training for performance often involves lifting heavy weights and is typically vertically-

orientated, where athletes train by exerting force against gravity. The challenge is that team 

sports often also require horizontal-orientated movements (Randell et al., 2010). During a 

tackle in rugby, the athlete must exert horizontal force against the opposition (Hendricks, 

Karpul, al., 2014; Hendricks, Matthews, et al., 2014; Mills et al., 2019). Thus, due to the 

principle of specificity, it is possible that vertically-oriented strength exercises, which require 

forceful actions against gravity, may not transfer well to rugby performance. In other words, 

vertically-orientated resistance training violates aspects of specificity (Randell et al., 2010; 

Young, 2006). Coaches are cautioned that poor specificity limits transference and may 

promote nonspecific intermuscular coordination patterns (Young, 2006). However, the 

prescription of vertically-orientated exercises is common in conditioning. While it is likely that 

both vertical and horizontal-orientated resistance training is best for rugby performance, 

horizontal resistance training appears to be the most similar movement to match-day 

performance. The fact that horizontal resistance training, i.e. sled training, improves horizontal 

force production, which is vital in the tackle contest, suggests that it may be worth further 
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investigation. With exercise orientation considered, the final question then remains, what 

intensity of exercise should be prescribed to best improve match-day performance? 

 Exercise intensity is another crucial aspect of programming that should mimic 

competition to maximise transference. The percentage of one-repetition max (% 1RM) is one 

of the most common methods to prescribe intensity (Haff & Triplett, 2015; Shimano et al., 

2006). For example, loads over 85% of one repetition-max (1RM) are well known to promote 

maximal strength adaptation (Haff & Triplett, 2015). One assumption in this prescription 

method is that the stimulus for a given % 1RM is consistent among individuals. However, other 

research has reported that this ‘one size fits all’ approach imposes differing stimuli between 

athletes based on their physiological characteristics (Richens & Cleather, 2014). Another 

downfall of prescription based solely on 1RM, may be that % 1RM only considers maximal 

force, ignoring the rate at which that force is developed.  As eluded to previously, force and 

velocity (i.e. strength and speed) are critical for rugby performance (Hendricks, Karpul, et al., 

2014; Hendricks, Matthews, et al., 2014; Mills et al., 2019; Speranza et al., 2015, 2016). Force-

velocity profiling (FVP) may provide a more informative approach for sports training 

prescription, as it includes the velocity at which force is developed (Jiménez-Reyes et al., 2017; 

McMaster et al., 2016). 

 To create force-velocity profiles (FVPs), velocity is recorded at incremental loads for 

horizontal and/or vertical resistance training (Cahill, Oliver, et al., 2019; Jiménez-Reyes et al., 

2017; Jovanović & Flanagan, 2014). Load and velocity are plotted on a graph, and a linear 

regression is created to depict an athlete’s force and velocity relationship for a given exercise, 

otherwise known as FVPs (Jiménez-Reyes et al., 2017; McMaster et al., 2016). Previous 

research has investigated the relationship between FVPs and simple performance tasks such as 

sprinting and running to identify optimal profiles (Helland et al., 2019; Jiménez-Reyes et al., 

2017). Those athletes who demonstrate a particular ‘optimal’ FVPs are more likely to succeed 
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in certain events, as seen in a study that measured changes in vertical jump following an 

optimal profile training intervention conducted by Jiménez-Reyes et al. (2017). Practitioners 

can use this information to recognise areas of improvement by identifying the deficits between 

optimal profiles and actual FVPs. Collectively, this evidence prompts the question, how can 

FVPs be used in conjunction with exercise orientation prescriptions to improve rugby 

performance indicators on match-day? 

1.2 Aims and hypothesis 

 This study aims to determine the relationship between athletes’ neuromuscular 

performance derived from FVP and RPIs. It is hypothesised that FVPs obtained from horizontal 

exercises will demonstrate stronger relationships with RPIs due to the similarities in exercise 

orientation and the forces applied within match-day rugby performance.  

1.3 Research questions 

Exercise orientation: 

1. What is the relationship between horizontally-orientated resistance training and rugby 

performance indicators? 

2. What is the relationship between vertically-orientated resistance training and rugby 

performance indicators? 

Profiling: 

3. What is the relationship between force-velocity profiles and rugby performance 

indicators? 
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1.4 Justification  

 Performance indicators explain performance against some form of outcome, either 

positive or negative (Hughes et al., 2012). Researchers have inferred that performance 

indicators may predict future performance (Bishop & Barnes, 2013; James et al., 2005) and 

investigated performance indicators associated with successful teams (Bishop & Barnes, 2013; 

Hughes et al., 2012; Watson et al., 2017).  

 Horizontal and vertical resistance training are effective modalities to enhance athletic 

qualities, such as strength and speed-strength, which are critical for sports performance 

(Lockie et al., 2012; Schoenfeld, 2010; Speranza et al., 2015, 2016). The training principle of 

specificity determines the extent to which practice translates to pitch.  

 To date, no research has investigated the relationship between exercise orientation 

(horizontal and vertical) and RPIs. Furthermore, the ideal FVPs for RPIs remain unclear. 

Correlations between RPIs and FVPs may provide coaches with the tools to better inform 

training prescription. Ultimately, optimising the transference of abilities from practice to pitch.  
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Chapter 2 

Literature review 

2.1 Rugby demands  

 Rugby union is an intermittent, high collision field sport that requires athletes to 

perform repeated running actions, collisions, and static efforts of differing work to rest periods 

(Pollard et al., 2018). In the sport, two teams of 15 players compete over two 40-minute halves 

to score as many points as possible (Till et al., 2020). Each team’s objective is to invade the 

opponent's territory to score points while simultaneously attempting to stop the opposition 

from scoring (Lord et al., 2020).  

 In an analysis of the performance indicators associated with wins in the 2011 Rugby 

World Cup, Bishop & Barnes identified that teams who dominate territory are more likely to 

succeed (Bishop & Barnes, 2013).  In the similar sport of rugby league, Kempton and colleagues 

(2017) reported that teams who demonstrated more attacking metres and metres per run 

were more successful than other teams. Returning to rugby union, a further study reported 

that fast ruck speed had the largest positive effect on match outcome (Bremner et al., 2013). 

Slower ruck speed may give the defence time to plug potential holes (Bremner et al., 2013), 

whereas faster ruck speed may provide attackers with more opportunities to breach the line 

and gain territory. Collectively, these findings signify that teams who dominate territory are 

more likely to succeed.  

 Bishop and Barnes (2013) went further in their analysis and reported two territory-

based strategies; tactical-territory and possession-based. Successful teams in the knockout 

stages of the 2011 Rugby World Cup demonstrated the tactical-territory approach, displaying 

more kicking the ball out of hand, fewer passes, carries and rucks than losing teams (Bishop & 
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Barnes, 2013). The alternative strategy is possession-based, where teams retain the ball and 

gradually make their way down the field, indicative of losing teams in the aforementioned 

study. The difference between the two strategies seems to be the number of contact 

situations, where the possessive approach promotes more tackle contests.  

 Previous authors have broken the tackle contest into three phases (Tierney et al., 

2018a). However, the contact phase is the portion we will predominantly refer to most 

throughout this document unless specified otherwise. The contact phase is the initial contact 

between two opposing players (see Figure 2-1). 

 

 The tactical-territory strategy aims to place the opposition in their half with tactical 

kicking and then capitalise on counter-attacking opportunities (Bishop & Barnes, 2013), 

subsequently reducing the number of tackle contests. In any rugby union team, there are likely 

to be three to four specialised players who perform most of the kicking. These kicking players 

are often targeted by opposing, heavier forwards and thus stand a greater risk of injury 

throughout the game. As such, a tactical-territory-based approach could be considered naïve, 

given that it relies on a minority of the team members to determine the majority of the team’s 

success. Furthermore, new rules, such as kicking for territory outside the 22-metre mark, are 

slowly being introduced to promote more ball in hand play (Bishop & Barnes, 2013; Bunker & 

Note. Three phases of the tackle contest described by Tierney et al. (2018). 
These phases apply to attackers and defenders.  

Figure 2-1: Phases of the tackle contest 
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Spencer, 2020). Previously, teams gained territory by kicking the ball into touch from any 

position on the field. Law changes meant teams gained no territory kicking the ball directly 

into touch outside their 22-metre mark. These changes are reflected in more contact 

scenarios. Rucks in professional teams have increased from 69 per game (1995) to 144 per 

game (2007), suggesting teams may be slowly taking a more possession-based approach 

(Bishop & Barnes, 2013). Fundamentally, rugby is a complex sport that relies on many 

interacting components (Passos et al., 2008). Uncontrollable variables such as match venue, 

weather, or the opposition's strength will also influence team strategy and match outcome 

(Hughes et al., 2012). However, the tactical-territory approach was indicated as more common 

for successful teams in the study by Bishop and Barnes (2013). The previously identified 

findings suggest alternative strategies to win games, and performance indicators are still 

valuable.   

 The analysis of team and player performance in the sport of rugby union has led to a 

common set of agreed rugby performance indicators (RPIs), which can be used to explain 

performance against some form of outcome, either positive or negative (Hughes et al., 2012). 

Researchers believe RPIs may be used to predict future performance (Bishop & Barnes, 2013; 

James et al., 2005).  

 Performance indicators vary from sport to sport but are primarily based on variables 

that can be quantified and commonly contribute to successful performance in team sports. 

Examples of RPIs in rugby union could include, but are not limited to, rucks, kicking or passing 

(Bishop & Barnes, 2013). 

 Team sports performance indicators can be sub-divided into scoring indicators, such as 

goals, baskets and errors or quality indicators, such as turnovers, shots per rally, 

passes/possessions or tackles (Hughes et al., 2012). However, rugby union categorises 

performance indicators slightly differently. RPIs are divided into themes depending on what 
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and how they were investigated (Watson et al., 2017). Such as comparisons between winning 

and losing teams, RPIs for one team or investigation around a specific gameplay area, e.g. 

rucks (Watson et al., 2017).   

 Another important note is that RPIs may be influenced by the team strategy (i.e. 

tactical-territory vs possession-based). RPIs predominantly associated with the tactical-

territory approach may be the number of kicks out of hand or kicking metres (Bishop & Barnes, 

2013), whereas possession-based RPIs may refer to tackle-breaks or tackles due to the increase 

in tackle contests (Hendricks, Matthews, et al., 2014; Tierney et al., 2018a; Wheeler & Sayers, 

2009; Wheeler et al., 2010). It is worth noting that the tackle contest is not exclusive to a 

possession-based approach. However, as described above, the possession-based approach 

does promote more tackle contests (Wheeler & Sayers, 2009).  

 Research is yet to identify which of a broad range of RPIs differentiate successful and 

unsuccessful teams across several competitions and seasons (Watson et al., 2017). Previous 

studies have investigated the differences between winning and losing teams to determine 

successful performance indicators (Bishop & Barnes, 2013; Hughes et al., 2017; Hughes et al., 

2012). However, the findings are conflicting because they are contextualised match by match 

(Watson et al., 2017). Team strategies applied in one game may differ in the next, 

consequently altering the RPIs associated with success. Furthermore, evolving rules impact a 

team’s strategy, again disrupting the consistency of RPIs associated with success (Watson et 

al., 2017). These various interacting components make it challenging to replicate the results 

that link RPIs with success seen in previous studies (Hughes et al., 2012). Thus, whilst it is 

essential for coaches to use RPIs to inform team training, they must do so with the caution 

that RPIs offer some prediction of the outcome but do not guarantee it. Nonetheless, 

replicating RPIs associated with success may potentially enhance the teams winning rate. 

Therefore, coaches should seek and integrate successful RPIs into a team strategy.  
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2.1.1 The gainline 

 The gainline is an imaginary line that intersects a set piece or breakdown (see Figure 

2-2) (Tierney et al., 2018a). Advancing beyond the gainline signifies gain in a territory 

(Hendricks et al., 2013) vital for team success (Bishop & Barnes, 2013; Kempton et al., 2017; 

Rodrigues & Passos, 2013; Wheeler & Sayers, 2009; Wheeler et al., 2010). Advancing beyond 

the gainline is synonymous with the domination of the tackle contest and can be achieved in 

two ways; first, through non-contact situations, such as line-breaks where the defender 

successfully evades contact; or secondly, through the tackle contest, where they break free of 

the attempted tackle (Wheeler & Sayers, 2009). Kicking for territory may also fit into the non-

contact methods. However, we are referring to scenarios where the attacker must carry the 

ball over the gainline. 

 Wheeler and Sayers (2009) reported that in an analysis of seven games in the 2006  

Super-14 rugby tournament, 50% more tackle-breaks than line-breaks were recorded- 

meaning that players were twice as likely to run into contact and break the gainline, in 

comparison to breaking the gainline by evading a player. Situations around the tackle contest, 

Note. Figure of the gainline (orange dotted line). Red dots represent defenders and blue dots 
the attackers.  

Figure 2-2: The gainline 
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e.g. tackle-breaks, are more likely to occur in a match than non-contact (line-breaks). Whilst 

non-contact situations, such as line-breaks, are ideal because they typically gain more territory 

in a single carry (Nepe-Apatu, personal communication, 2021), these occasions are identified 

as rare in the literature (Wheeler & Sayers, 2009). This high potential for contact is probably 

due to players marking opponents well and remaining in close proximity (Lockie et al., 2012), 

reducing the attacker’s opportunity to create space. Thus, promoting more front-on tackle 

contests (Tierney et al., 2018a), which are less likely to result in a line-break (Wheeler & 

Sayers, 2009). Furthermore, players engage in 10-25 tackle contests per game (Hendricks et al., 

2013), giving them ample opportunity to make effective tackles or break them. These findings 

highlight the importance of the tackle contest. Therefore, coaches should emphasise training 

protocols that enhance performance at tackle contests.  

2.1.2 Strength and speed-strength   

 To prescribe effective resistance training regimes, underpinning athletic qualities such 

as strength or speed-strength should be understood. For further reference, strength is the 

ability to exert force without time constraints (Beattie et al., 2017), whereas speed-strength 

(colloquially referred to as power) is the ability to exert force over time (Verkhoshansky & Siff, 

2009). The term speed-strength will be used throughout this thesis when referring to fast, 

forceful actions. In contrast, the term power will be restricted to the strict mechanical 

definition (the time derivative of work, or the product of force and velocity) (Verkhoshansky & 

Siff, 2009). Finally, whilst it is noted that technical components, such as tackle height and foot 

placement on contact, may impact tackle performance (Tierney et al., 2018a), this thesis will 

concentrate on the fitness qualities vital for the tackle contest.  

 Strength and speed-strength are critical in rugby union (Hendricks, Matthews, et al., 

2014; Speranza et al., 2015, 2016; Wheeler et al., 2010). They reduce the risk of injury or 

enhance performance (Alegre et al., 2006; Bourne et al., 2018; Geary et al., 2014; Speranza et 



 

13 
 

al., 2015). Suchomel et al. (2016) described the application of strength and speed-strength in 

sport with reference to three potential scenarios. Strength is used to 1) manipulate an 

athlete’s own body mass, 2) manipulate projectiles, or 3) manipulate the opposition’s body 

mass (Suchomel et al., 2016). Each scenario is present in rugby and highlights the importance 

of developing strength and speed-strength.  

 Suchomel and colleagues (2016) first scenario of strength application refers to tasks 

such as running, jumping, change of direction and accelerating, where athletes apply strength 

and speed-strength to manipulate their body mass (Lockie et al., 2003; Speranza et al., 2015, 

2016; Tricoli et al., 2005; Young et al., 2015). For example, during a side-step, athletes use their 

body movements to deceive the opposition. In the final moment, they exert strength and 

speed-strength into the ground to create distance between themselves and the defender. Such 

techniques are critical for attackers as they place defenders in vulnerable positions less likely 

to result in an effective tackle. Approximately 92% of tackle-breaks are attributed to poor 

defensive positions, while strong contact intensity and strong fending strategies accounted for 

86% of those poor defensive positions (Wheeler & Sayers, 2009). In other words, most tackle-

breaks occur due to defensive players being in vulnerable positions from evasive techniques, 

where strength and speed-strength influence the effectiveness of that technique.  

 The second scenario identified by Suchomel et al. (2016) is where strength is used to 

manipulate projectiles, describing tasks such as kicking or passing the ball. For example, during 

the kicking duties in the territory tactical approach, players use lower limb muscular strength 

to kick the ball downfield (Bishop & Barnes, 2013). The same occurs for a pass, where players 

use upper limb strength to throw effective passes.   

  The final instance is where players exert strength and speed-strength to manipulate 

the opposition's body mass. Such instances apply to the tackle contest, where players 

manipulate the opponent's mass to advance beyond the gainline or defend it (Speranza et al., 
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2015, 2016; Wheeler & Sayers, 2009). Thus, this is probably the most relevant application of 

strength to the tackle contest. The Speranza et al. (2016) study, in particular, explains the 

importance of strength for tackling to defend the gainline. Speranza and colleagues (2016) 

showed that players who responded well to a strength intervention (larger improvements in a 

three repetition maximum (3RM) back squat) had significantly greater improvements in 

tackling ability when compared with tackling abilities of nonresponding players (p=.04; ES 

≥.85). An earlier study by the same authors found similar results where tackling ability in semi-

professional players largely correlates with lower and upper limb strength (r=.72) (Speranza et 

al., 2015). These findings are likely to contribute to players being more explosive (speed-

strength) on contact and stronger leg drive (strength)  through the tackle (Speranza et al., 

2016). They may also contribute to a player’s change of direction abilities (Speranza et al., 

2016; Wheeler & Sayers, 2009), enhancing their ability to position themselves closer to the 

defender and execute a successful tackle (Speranza et al., 2016). Strength and speed-strength 

are essential for tackle- breaks and tackling ability (Speranza et al., 2016; Wheeler & Sayers, 

2009). These findings elucidate the importance of strength and speed-strength in rugby.  

 The training principle specificity is vital for the optimal transference between practice 

(i.e. resistance training) and pitch (i.e. match-day performance), where training should 

replicate competition (Haff & Triplett, 2015; Young, 2006). Thus, coaches should employ 

training methods to enhance strength and speed-strength capabilities, which will translate to 

rugby performance. Muscles utilised, exercise orientation, and training parameters are all 

variables that are considered for specificity in order to elicit favourable physiological 

adaptations (Haff & Triplett, 2015).  
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2.2 Resistance training considerations  

2.2.1 Resistance training for performance  

 Resistance training is an effective training modality to enhance performance by 

improving fitness components that translate to the sport. These include, but are not limited to, 

acceleration, agility, jumping abilities, and maximal force (Baker, 1996; Balsalobre-Fernández 

et al., 2013). Structured training exposure with adequate rest causes biochemical, structural 

and mechanical adjustments that elevate performance (Haff & Triplett, 2015). Thus, resistance 

training enhances performance through acute and chronic adaptations.  

 Acute improvements in performance following resistance training (i.e. within hours of 

the competition) are due to the ‘priming effect’, otherwise known as post-activation 

potentiation. The pre-load stimulus heightens subsequent muscular contractions (Bevan et al., 

2010; Tillin & Bishop, 2009). Calcium uptake sensitivity increases, enhancing the rate of 

contraction and altering the position of the myosin head to increase the rate of cross-bridge 

formation from a non-force producing state to a force-producing state (Tillin & Bishop, 2009). 

Chronic adaptations following resistance training occur from subsequent training sessions. 

Such adaptations may refer to muscular hypertrophy, fibre type transformation, and higher 

threshold motor unit recruitment, to name a few (Behm & Sale, 1993; Rivière et al., 2017).  

With multiple adaptations possible, the need for an accurate resistance exercise prescription is 

vital. In order to impose specific adaptations, training variables must be manipulated precisely.  

2.2.2 Importance of specificity  

 Training stimulus is affected by several variables including but not limited to; training 

parameters, exercise selection and orientation (Baker, 1998; Berton et al., 2018; Suchomel et 

al., 2017). The specificity principle states that training should mimic sport to promote 

intermuscular coordination (Young, 2006). The manipulation of training variables will 
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determine how well specificity is applied. Exercise intensity, rest periods, sets, repetitions and 

tempo are common variables coaches manipulate to apply specificity to training. For example, 

if hypertrophy is the training focus, exercise intensity, rest periods, sets, repetitions and tempo 

are manipulated slightly to stimulate increases in pennation angle and physiological cross-

sectional area (Alegre et al., 2006; Haff & Triplett, 2015; Kawakami, 2005).  

In contrast, lower-intensity resistance training with higher repetitions improves muscle 

buffering capacity due to the acute over-accumulation of hydrogen ions (Haff & Triplett, 2015). 

Alongside intensity, rest periods, sets, repetitions, tempo and exercise selection are other 

factors that impact training stimulus. 

 Traditional resistance training exercises and weightlifting derivatives are commonly 

used forms of resistance training to improve rugby performance (Baker, 1998). Traditional 

resistance training exercises such as the back squat, deadlift or bench press have previously 

been considered best for developing maximal strength (Baker, 1998). In addition, they follow 

the concept of the force-velocity relationship (FVR), which postulates that for a given constant 

level of muscular activation, increasing shortening velocity progressively decreases the force 

produced by the neuromuscular system (Cross et al., 2015). In relation to traditional strength 

training, as the resistance increases, the velocity of the movement concomitantly decreases. 

This trade-off between force and velocity may have loading limitations when emphasising 

speed-strength, given that the movement should be performed explosively (Haff & Nimphius, 

2012).  

 In contrast, weightlifting derived exercises of the snatch and clean and jerk are 

considered best for developing speed-strength (Baker, 1998) because they constantly require a 

rapid rate of force development to propel the bar to the shoulders or overhead (Corcoran & 

Bird, 2009). Other researchers agree that weightlifting derivatives are best for speed-strength 

compared to traditional resistance training. Berton et al. (2018) reported that weightlifting 
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showed the most improvements in countermovement jump (CMJ), being 3.5 times greater 

than traditional resistance training, even though training intensity was equivalent (80% 1RM). 

The study also investigated plyometric training and reported no significant differences 

between weightlifting and plyometric training. Researchers attributed their results to the 

similarities with the CMJ, such as movement velocity, which subsequently enhanced speed-

strength capabilities (Berton et al., 2018). Further investigation identified different adaptations 

between training methods. Weightlifting increases were due to improvement in speed-

strength capacity, whereas plyometric changes were due to stretch-shortening cycle efficiency 

(Berton et al., 2018). These results are interesting given that there were no significant 

differences for CMJ between the two training methods and serve to highlight the impact of 

different resistance training methods on training adaptations.  

 It can be concluded that although traditional resistance training and weightlifting 

exercises enhance physical performance, they promote explicit adaptations. Therefore, precise 

exercise selection is vital for specific resistance training adaptations. Finally, one apparent 

disconnect remains between applying these common resistance training methods and 

performance in the sport of rugby union, which is the direction, or exercise orientation, that 

the exercises (resistance training) and rugby tasks (RPIs) are performed. The principle of 

specificity strongly suggests that replicating similar directions of force in practice will improve 

the transfer to the pitch.  

 Exercise orientation is an underutilised consideration of specificity. One flaw with the 

majority of resistance training is the dissimilarity of exercise orientation between practice and 

pitch. Movements in most field sports predominantly occur in the horizontal plane, e.g., 

soccer, rugby, badminton or basketball. However, the majority of resistance training 

movements are vertical. This statement is not only reflected in the observations of the 

industry but also in research. A study conducted by Jones and Colleagues (2016) asked forty-
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three coaches working in elite or professional rugby union to rank their most important 

prescribed exercises, where the top 5 were vertically orientated, such as a back squat, cleans 

and benchpress (Jones et al., 2016). The literature is clear that resistance training is beneficial 

for sports performance, including rugby (Cahill, Cronin, et al., 2019; Comfort et al., 2012; 

Lockie et al., 2012; Speranza et al., 2015), but there is a risk that training in a dissimilar plane 

(vertical vs horizontal) to performance could alter neural patterns or promote unwanted 

kinetics/kinematics (Young, 2006). Therefore, the exercise orientation in practice should 

replicate movements performed on the pitch to optimise neuromuscular specificity and 

transferability.  

 Lockie and colleagues (2012) demonstrated the importance of exercise orientation for 

specificity. The aim of their study was to illustrate the specific adaptations of different training 

protocols in field sports athletes. Pre-testing included 10m sprint time, stretch-shortening 

cycle ability (five bound tests performed in the horizontal plane), vertical jump speed-strength, 

reactive strength index (depth drop jump height and ground contact time) and strength (3RM 

back squat). Athletes were split into four groups (free-sprinting [FS], resistance training [RT], 

plyometric training [PT] and resisted sprinting [RS]) for six weeks of training. The results 

showed that strength and power adaptations were protocol specific. All groups improved 

acceleration. However, the most significant improvements in post-testing were in the 

measurements that replicated the training protocol. The RT demonstrated the greatest 

increase in relative and absolute 3RM squat strength, whereas FS, RS and PT showed 

significant increases in reactive strength index. 

 Interestingly, the improvement of reactive strength index, as a result of decreased 

contact time, did not translate to increases in drop jump height. These results may well be due 

to the dissimilarities between sprinting (horizontal) and jumping (vertical), which could have 

hindered neuromuscular coordination between muscles (Lockie et al., 2012; Young, 2006). 
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Jiménez-Reyes et al. (2018) also reported a low correlation between vertical, i.e. jumping, and 

horizontal, i.e. sprinting, orientated exercise (r=.18 to.34), which may explain the lack of 

transference for Lockie and colleague’s study (2012). Collectively, these findings suggest that 

enhanced performance in the vertical plane may not be reflected in the horizontal plane 

(Jiménez-Reyes et al., 2018; Lockie et al., 2012; Young, 2006). Therefore, exercise orientation is 

essential to optimise neuromuscular transference from practice to pitch. 

 Further analysis of the tackle contest in rugby may explain which exercise orientation 

is particularly important in this sport. This review will now attempt to explain the physics of 

the tackle contest, which may identify the importance of exercise orientation in rugby.  

2.2.3 Tackle contest and inelastic collisions 

 In order to understand how players dominate the tackle contest, the principles of 

collisions must be understood. These collisions are classified as elastic or inelastic.  

 During an elastic collision, two objects collide and rebound off each other. The 

momentum leading into the collision is equal to the momentum after the collision, but the 

energy is redistributed in opposing directions. No energy is dissipated into heat or sound. 

Perfect elastic collisions are impossible and merely a theoretical model. In contrast, inelastic 

collisions are when two objects (or players) collide and become one system. At the collision, 

the impulse produced is equal to a change in momentum, otherwise known as the impulse-

momentum relationship. In essence, the object or player that produces the largest impulse will 

cause a favourable change in momentum (see Figure 2-3 and Figure 2-4). 
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 The collision of a scrum between the two teams is an example of an inelastic collision 

where two systems collide and become one system. The scrum is a physical contest between 

two opposing teams of eight men that compete in a pushing match for possession of the ball 

(Mills et al., 2019). At impact, impulses are produced and redistributed in favour of the object 

or team with the highest momentum. The team that generates the largest horizontal impulse 

will cause a favourable change in momentum and push the opposing team back, thus winning 

the scrum (Mills et al., 2019). A more dynamic example of this principle of physics occurs in the 

tackle contest.  

Attacker  

Note. Figure of energy redistribution following the tackle contest. Attacker advances beyond the gainline.  

Figure 2-3:Impulse-momentum relationship during the post-contact phase of the tackle 
 

Attacking player produces larger impulses than the defender, causing a favourable change in mometum 

Defender  

Figure 2-4: Impulse-momentum relationship during the contact phase of the tackle contest 

Defender 
heading 

into 
contact 

Attacker 
heading 

into 
contact 

Attacker  Defender  

Tackle contest where each player produces impulse 

Note. Figure of an inelastic collision at the tackle contest. The weight of the arrows represents the 
momentum going into the tackle contest for their respective players. Dotted circles represent 
players initial position and full circles represent their final position. Orange line represents the 
gainline.  
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 The tackle contest is also an inelastic collision (Hendricks, Karpul, et al., 2014). 

Following the collision, energy is redistributed between the players (Hendricks, Karpul, et al., 

2014), where the player with the highest momentum wins the contest (Hendricks, Karpul, et 

al., 2014). In contrast, players with less momentum are more likely to lose the tackle contest 

and or get injured (Hendricks, Karpul, et al., 2014). Therefore, momentum is vital for the tackle 

contest.   

 Momentum is determined by the mass and velocity of the colliding objects or players. 

Increasing a player’s mass improves their momentum, provided this does not decrease their 

velocity enough to negate the gain in momentum (Young et al., 2018). However, some 

research suggests that mass may not be as vital as velocity into contact (Hendricks, Karpul, et 

al., 2014). Hendricks, Karpul et al. (2014) confirmed this by showing that higher velocity 

tacklers dominated 57% of collisions, even when at a mass disadvantage. It was noted that 

tacklers entered at higher velocities more frequently than ball carriers, contributing to their 

dominance in tackles (Hendricks, Karpul, et al., 2014). Usman et al. (2011) had previously 

reported similar results, highlighting the importance of velocity for forceful tackles. Provided 

mass is optimal, players should look to increase velocity into contact to improve momentum 

(Hendricks, Karpul, et al., 2014).  

 Velocity can be further broken down to refer to phases from initial acceleration to top-

end speed, where each phase is slightly different in the orientation of force application. The 

horizontal force is most prominent during the acceleration phase, whereas the vertical force is 

most prominent during top-end speed (Hicks et al., 2020; Lockie et al., 2012). Therefore, it is 

essential to consider what phase of velocity is most relevant in the context of the tackle 

contest. Due to most contact situations being in close proximities (Cross et al., 2015), focussing 

on training on the acceleration component of velocity may be best to improve momentum. 
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Furthermore, the acceleration phase displays similar body positions (low body) and force 

orientation (horizontal) to RPIs associated with the tackle contest (Wheeler & Sayers, 2009). 

2.2.4 Training horizontal force 

 During the acceleration phase, high horizontal forces are essential (Cahill, Cronin, et 

al., 2019; Cahill, Oliver, et al., 2019; Haugen et al., 2019; Lockie et al., 2003, 2012). They enable 

athletes to travel further per step (Lockie et al., 2012), ultimately producing larger momentum 

in the tackle contest. Furthermore, adopting a body position approximately 20cm lower than 

the centre of mass (Haugen et al., 2019) and a slight forward torso lean (Morin et al., 2017) 

also have been shown to assist in producing higher horizontal forces.  

 In rugby, lower limb force and low body positions have also been identified and 

considered vital for the tackle contest (Wheeler & Sayers, 2009). Lower limb force production 

is required for a strong leg drive throughout the tackle (Wheeler & Sayers, 2009). These 

findings suggest there are similarities between the acceleration and the tackle contest. 

Enhancing a player’s ability to produce high horizontal forces generates larger momentum in 

the collision resulting in players dominating the tackle contest. Therefore, coaches should seek 

appropriate training methods to maximise horizontal force production.  

 As identified previously, traditional resistance training often requires vertical force 

application. However, horizontal force application is more prominent during acceleration (Eng 

& Sundar, 2021; Rumpf et al., 2016) and the tackle contest (Wheeler & Sayers, 2009). The 

dissimilarities between the two may indicate that vertical resistance training is sub-optimal for 

rugby performance. In contrast, the horizontal resistance training used in sled training may be 

more beneficial due to the similar direction of force application and low body positions seen in 

the tackle contest. 
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 Sled training is a form of resistance training where athletes push or pull an implement 

in a straight line over a pre-determined distance in the horizontal plane (Cahill, Cronin, et al., 

2019; Petrakos et al., 2016). Several variables may be manipulated, including load, pushing and 

pulling, and location load is attached (hip or shoulder), all whilst performing sprinting 

movement patterns similar to those seen in rugby and other team sports.  

 Research supports that the sled is an effective training tool to enhance acceleration 

(Lockie et al., 2012; Morin et al., 2017) by increasing horizontal force and reactive power 

(Lockie et al., 2012). The addition of resistance whilst sprinting is known to increase the 

horizontal ground reaction forces (Kawamori, Newton, & Nosaka, 2014). As sled intensity 

(load) increases, the training stimulus also increases. This may lead to the misconception that 

heavy sled training is best for team sports. However, there is a trade-off.  As sled weight 

increases, free sprinting mechanics subsequently decrease, as does the velocity of the sprint 

(Kawamori, Newton, Hori, et al., 2014). As the tackle contest in rugby involves resistive and 

diverse push or pull derivatives, it is believed the alteration of running mechanics brought 

about by heavy sled training may not be as detrimental to performance in rugby as in sprinting 

events. These findings suggest sled training could indirectly improve tackle contest 

performance through enhancing horizontal force production.  

 Sled load or intensity is prescribed as a percentage of body mass or a percentage 

decrement in velocity (Cahill, Cronin, et al., 2019). Although these are different methods of 

prescription, the stimulus is typically consistent. Generally, higher intensities (heavier loads) 

are best to enhance acceleration ability (Cahill, Cronin, et al., 2019; Morin et al., 2017; 

Petrakos et al., 2016), whereas lower intensities (lighter loads) are better for top-end speed 

and require more vertical force application (Cahill, Cronin, et al., 2019). Cahil et al. (2019) 

identified training parameters that developed specific adaptations in sled training to 

decrement in velocity. Sled intensities that produce 10%, 35%, 50%, and 65% decrements of 
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velocity during resisted sprinting reflect training for high-speed (technical emphasis), speed-

strength, power (undefined by the researcher), and strength-speed stimuli, respectively (Cahill, 

Cronin, et al., 2019). According to this information, sled intensities that cause a 35% 

decrement in velocity may be better for improving speed-strength (velocity focused), whilst 

intensities that cause a 65% decrement in velocity may be better for improving strength-speed 

(force-focused)  in both pushing and pulling exercises (Cahill, Cronin, et al., 2019). In support of 

higher intensity prescription to improve acceleration, Morin and colleagues (2017) found that 

sled pull loads >80% body mass produced better 5m and 20m improvements in acceleration in 

non-resisted sprinting after an 8-week training. Morin et al. (2017) attributed their results to 

the heavy loads creating more forward lean and higher horizontal force application. In an 

earlier study, heavier pull loads were shown to produce higher horizontal forces (Kawamori, 

Newton, Hori, et al., 2014). Similar movement patterns and force application implicate sled 

resistance training as a method to indirectly enhance tackle contest performance. One final 

piece of the puzzle remains in question. Which sled variation best correlates to tackle contest 

performance? Sled push or sled pull.  

 Sled pushing and pulling have been shown as effective methods to improve 

acceleration (Kawamori, Newton, Hori, et al., 2014; Lockie et al., 2012; Robert & Murugavel, 

2013; West et al., 2013). However, they are often perceived as being similar. Nevertheless, the 

different locations of force application (i.e. pushing/pulling points) and sled characteristics 

(size, shape and friction) alter sprint kinetics and kinematics (Cahill, Cronin, et al., 2019; Cahill, 

Oliver, et al., 2019). The most noticeable disparity between the two methodologies is that the 

arms are stationary in pushing, whereas in pulling, the arms are free. It remains unclear if one 

is superior for sports performance, but assumptions can be made based on the previous 

literature and the logical application of these movements in rugby.  
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 The sled push clearly offers more horizontal lean, which may favour increased 

horizontal impulse during pushing (Cahill, Cronin, et al., 2019). Furthermore, the position of 

the sled load anteriorly to the player is similar to that seen in most rugby collisions, where the 

attacker attempts to push through the defender. One contraindication to the sled push is that 

the natural swing motion of the arms seen in sprinting into a tackle is removed (Cahill, Cronin, 

et al., 2020) because the arms are already in place on the sled. The lack of arm swing may 

reduce momentum heading into the collision, decreasing velocity due to reduced ground 

reaction forces (Macadam et al., 2018). In contrast, when the load is located behind the 

athlete in the sled pull and attached via a harness, the arms are free to move, making it 

possible to focus on mechanics or apply evasive techniques such as the fend, which is essential 

for rugby (Wheeler et al., 2010). Furthermore, with the sled pull movement, the forward lean 

is still possible, provided the intensity is heavy enough. The most noticeable disparity between 

the tackle contest and sled pulling is that the resistance is posterior to the athlete, but in most 

contact situations, the resistance occurs front-on (Wheeler & Sayers, 2009). 

 There are minor disparities in each sled resistance training variation which violate the 

principle of specificity, but not to the extent of traditional resistance training. Horizontal 

resistance training emphasizes horizontal force, which is paramount for the tackle contest 

(Hendricks, Karpul, et al., 2014; Wheeler & Sayers, 2009). It remains unclear which sled 

training protocol is superior. Although the differences may only lead to minor improvements,  

trivial changes in performance become vital as training levels increase (Loturco et al., 2018). 

Therefore, any opportunity to optimise transference is critical.  



 

26 
 

2.3 Force-velocity profiling  

2.3.1 Traditional exercise prescription  

 Intensity is a vital consideration for resistance training and is typically additional based 

on an athlete’s maximal ability (Haff & Triplett, 2015; Helms et al., 2016). This variable 

indirectly determines other training variables, such as repetitions and sets. There is a clear 

relationship between intensity (load) and repetitions performed in any exercise movement. 

When load increases, the number of repetitions of that movement performed subsequently 

decreases (Haff & Triplett, 2015). The selection of exercise intensity imposes a specific 

stimulus. For example, strength and hypertrophy are generally associated with higher loads, 

eliciting neurological adaptations or increases in muscular contractile units (Haff & Triplett, 

2015). Conversely, higher repetitions stimulate muscular endurance, increasing muscle 

buffering capacity (Haff & Triplett, 2015). Although several variables are outlined in training 

parameters (sets, repetitions, rest or tempo), the most vital seems to be load or intensity, as it 

influences the parameters of the other variables. Therefore, prescribing the correct resistance 

training intensity or load is paramount to creating favourable adaptations.  

 There are several methods used to prescribe resistance training intensity, including but 

not limited to; % 1RM, rate of perceived exertion (RPE), and repetitions in reserve (RIR) (Helms 

et al., 2016, 2018; Weakley et al., 2021). Of the three methods, the % 1RM is the most 

common (Haff & Triplett, 2015; Shimano et al., 2006). For example, Haff and Triplett (2015) 

state that over 85% 1RM increases maximal strength. Furthermore, guidelines for the number 

of repetitions performed at % 1RM are also identified (Haff & Triplett, 2015). For example, four 

repetitions at 90% 1RM , or eight repetitions at 80% 1RM  (Haff & Triplett, 2015). The common 

assumption is that the relationship between repetitions and resistance load is linear. However, 

some disagree and state this may be a curvilinear relationship (Haff & Triplett, 2015) or that 

repetitions vary based on the athlete’s physiological status (Richens & Cleather, 2014). If this is 
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true, a training stimulus may be inconsistent across athletes, even if the % 1RM is identical. 

Richens and Cleather (2014) suggested this in their study of weightlifters and endurance 

athletes. The aim was to assess the number of repetitions performed until failure. Loads were 

set to 90%, 80% and 70 % 1RM. The endurance group completed significantly more repetitions 

at 70% 1RM (39.9 ± 17.6 versus 17.9 ± 2.8; p<.05) and 80% 1RM (19.8 ± 6.4 versus 11.8 ± 2.7; 

p<.05). According to Haff and Triplett (2015), 11 repetitions are the maximum that can be 

performed at 70% 1RM. However, the study conducted by Richens and Cleather (2014) 

showed that endurance athletes completed almost four times that amount. The same was 

found in the 80% 1RM range, where the endurance group completed more than two times the 

number of repetitions suggested to be maximal by Haff and Triplett (2015). The weightlifters in 

the Richens and Cleather study also completed more repetitions than Haff and Triplett (2015) 

suggested. However, the differences between their figures and the Haff and Triplett 

recommendations were not as significant. The Richen and Cleathers (2014) study 

demonstrates the potential for inconsistencies in % 1RM prescription that may promote 

undesirable training adaptations which are detrimental to performance. A final point worth 

considering is that prescription based on the % 1RM only considers an athlete's force ability, as 

does prescription based on repetitions in reserve and perceived exertion. Speed-strength has 

been shown to be an important quality for sports and is represented by the relationship 

between force and velocity, prescription based on % 1RM is unlikely to take this into account. 

Thus, assessing an athlete's force and velocity capabilities provides more valuable prognostic 

information for training prescription (McMaster et al., 2016).  

2.3.2 Force-velocity profiling  

 Force-velocity profiling (FVP) is a method for coaches to assess an athlete's force and 

velocity capabilities. These measures encompass the entire force-velocity spectrum, as they 
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are the theoretical maximums at the extreme ends of the force-velocity relationship (FVR). To 

understand FVP, the FVR must be understood.  

 Some of the earliest research on the FVR was conducted by the pioneering 

physiologist A.V. Hill (1938), who derived a hyperbolic equation describing the FVR in single-

joint exercises (Cross, Brughelli, et al., 2017; Samozino et al., 2012). In this equation, as the 

velocity increases, the force a muscle can produce decreases somewhat curvilinearly. 

Suggesting that the relationship between force and velocity is not linear in isolated 

contractions. Whilst Hill investigated a single-joint exercise (Hill, 1938), modern investigations 

in multi-joint movements have shown that the FVR is linear and not curvilinear (Cross, 

Brughelli, et al., 2017), which is what allows profiling to be easily achieved. This is because as 

one end of the spectrum increases, the other linearly decreases (Dobbs, 2017; Jiménez-Reyes 

et al., 2017). When compared to the prescription based on %1RM, the vast spectrum of the 

FVR highlights the importance of specific programming, where the training stimulus varies as 

the prescription is shifted along with the linear relationship. 

 Suchomel and colleagues (2017) findings support the idea of a spectrum of FVR, where 

they identified a framework of weightlifting derived movements and their positions on the FVR 

(see Figure 2-5). 

Figure 2-5: Weightlifting derivatives of the force-velocity relationship 
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 At the velocity end of the force-velocity spectrum, the movement jump shrugs 

produced the greatest movement velocity.  In contrast, the mid-thigh pull was positioned at 

the opposite end of the FVR, and thus more associated with force than velocity. This is logical 

because athletes can produce more force isometrically in a movement like the mid-thigh pull 

than they can in comparison to a rapid concentric contraction like a jump shrug (Suchomel et 

al., 2017). Other weightlifting derived movements were plotted along the spectrum based on 

their force and velocity characteristics. This concept suggests that exercises may emphasise 

particular force and velocity qualities, resulting in a particular adaptation. In order to prescribe 

effectively, coaches must therefore consider which weightlifting derivatives are best for 

performance and how they should identify which portion to emphasise; Force or velocity? The 

best way to answer this question is to establish the FVPs of their athletes. 

 Understanding the principles of the FVR provides us with the knowledge to apply this 

concept in practice (i.e. FVP). The linear relationship of force and velocity in multi-joint 

movements is a generic model that has little relevance to the athlete.  Therefore, the FVPs 

take the FVR and apply it specifically to the athlete. Essentially, FVPs represent an athlete's 

personalised FVR for each movement in a training programme.  

 To create FVPs, movement velocity is measured at increasing intensities for a given 

exercise.  Linear regression is fitted to the results, and the slope of the line (Sfv) is analysed to 

inform exercise prescription (Jiménez-Reyes et al., 2017). Linear regression is used rather than 

a curvilinear regression due to multi-joint movements showing a linear relationship, whereas 

isolated joints display a curvilinear relationship (Samozino et al., 2016). Once identified, 

coaches can use FVP to identify areas of improvement or prescribe velocity-based training 

parameters (Jiménez-Reyes et al., 2017, 2018; Weakley et al., 2021). Furthermore, the FVP can 

be used to identify the neuromuscular performance capabilities of the athlete. 
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 Force-velocity profiles can be established in several forms of exercise, including 

sprinting (Cross, Brughelli, et al., 2017; Delaney et al., 2021; Helland et al., 2019), jumping 

(Álvarez et al., 2019; Jiménez-Reyes et al., 2017; Nicholson et al., 2021) and resistance training 

(García-Ramos et al., 2016; Jovanović & Flanagan, 2014; McMaster et al., 2016). The method 

used is dependent on the skill/movement of interest. For traditional resistance training, a 

linear position transducer (LPT) records the athlete's movement velocities for a given load over 

4-6 incremental intensities (McMaster et al., 2016). Different authors use different intensities, 

but examples of assessing velocities at 15, 30, 45, 60 and 75% 1RM  or 40, 50, 60, 70, 80, 85% 

1RM  for a given exercise can be found in the literature (Jiménez-Reyes et al., 2017, 2018; 

Jovanović & Flanagan, 2014; McMaster et al., 2016). Moving away from traditional resistance 

training profiles, sprint profiles can also be established with the use of radar guns, force plates, 

1080 sprints, or timing gates (Helland et al., 2019; Morin & Samozino, 2016; Samozino et al., 

2016). The procedures for these larger movements are similar in that athletes perform 

maximal sprints, either with incremental loads (Helland et al., 2019) or through repeated free 

sprinting, as described by Samozino et al. (2016), to acquire force and velocity data and 

subsequently plot the slope of the FVP. A wide variety of force and velocity data points is 

required to provide an insight into athletes’ abilities (Helland et al., 2019; Samozino et al., 

2016). The Sfv is a true representation of the athlete's FVR and is termed the ‘actual profile’. 

This is not to be confused with the ‘optimal’ profile, a term also used in the use of FVP’s.  
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2.3.3 Benefits of force-velocity profiling 

 Having established an athlete's actual FVP, research suggests that optimal FVPs exist 

for ballistic exercises (Morin & Samozino, 2016) and are described as a specific balance 

between force and velocity that maximise performance for a given activity (Jiménez-Reyes et 

al., 2017). The more the actual profile differs from the optimal one, the lower the performance 

compared to what could be reached with the same mechanical power (Samozino et al., 2012). 

Conversely, this also identifies the greatest opportunity for improvement. The differences 

between actual and optimal profiles are force or velocity deficits (Jiménez-Reyes et al., 2017; 

McMaster et al., 2016) (see Figure 2-6). 

 

 

  

 

 

 

   

 Coaches can use this information to inform training prescription better. Research 

suggests that athletes with less optimal force max should incorporate heavy ballistic exercises 

into their training, such as a heavy loaded squat jump or bench throw on the smith machine. In 

contrast, those with less optimal velocity max should incorporate lighter ballistic exercises 

such as a light loaded squat jump or bench throw on the smith machine (McMaster et al., 

2016). The fact that coaches can assess and adapt training to establish optimal profiles 

highlights the importance of FVP. Findings from Jiménez-Reyes and colleagues (2017) 

Note. Force-velocity deficits. Black arrow identifies force deficit. 
Heavyballistic exercises should be employed to correct this. 
Adapted from Samozino et al. (2014). 

Figure 2-6: Identifying force-velocity deficits 



 

32 
 

supported this in a study where semi-professional soccer and rugby players were split into 

three groups based on vertical jump profiling over five to eight loads (from non-weighted to 

≈87kg) and then completed a training intervention over nine weeks. The conditions were; an 

optimised group, where athletes were further subdivided into velocity-deficit, force-deficit, or 

well-balanced based on their force-velocity imbalances; a sub-optimal group not assigned on 

force-velocity imbalances, and a control group. In both the optimised groups, force-velocity 

imbalances reduced remarkably in both force deficit (57.9±34.7%) and velocity deficit 

(20.1±4.3%) and were associated with an increase in jump performance. In the non-optimised 

group, were results deemed 'variable' and 'unclear or small' (Jiménez-Reyes et al., 2017). 

Another recent study by Simpson and colleagues (2021) reported similar findings in an 8-week 

intervention, where rugby league players assigned to an optimised group saw greater 

improvements in vertical jump performance in comparison to a control group. Optimised 

groups were prescribed training based on their individual deficiencies, whereas the control 

group performed a standardised strength and speed-strength programme.  

 These findings highlight the benefits of FVP, which include identifying deficits to 

develop optimal profiles in rugby players. Force-velocity profiles may also be a better 

assessment and prescription tool than other training prescription methods as they provide 

more information on an athlete's performance capabilities since they encompass both force 

and velocity (Jiménez-Reyes et al., 2017; McMaster et al., 2016). Optimal FVPs have been 

reported for jumping and sprinting. However, this method of prescription is yet to be 

investigated in field sports. The complexity of the freely moving nature of field sports and the 

variety of external factors that can influence them may explain why this has not yet been 

investigated. 
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 Whilst comparison of actual FVP with optimal FVP, as derived from the slope of the 

relationship, is the primary aim of profiling, additional measures can also be extrapolated from 

the Sfv of the FVPs to characterise the maximal mechanical abilities of an athlete's 

neuromuscular system (Morin & Samozino, 2016; Samozino et al., 2012, 2016). These include, 

but are not limited to, maximal force at zero velocity (F0), maximal power (Pmax) and maximal 

velocity at zero force(V0) (see Figure 2-7). These three parameters represent the maximal 

neuromuscular capabilities of the limbs to generate external force, power output, and 

extension velocity, respectively (Samozino et al., 2012). Graphically, F0  and  V0  are located 

where they intersect the force and velocity axis of the linear FVR. Pmax corresponds to the apex 

of the parabolic-power and velocity relationship (Samozino et al., 2012). Pmax is the 

combination of force and velocity. Therefore, Pmax between two athletes may be similar, while 

their force and velocity capabilities are different (Samozino et al., 2012). For example, one 

athlete may be force dominant, whilst the other is velocity dominant.  This may lead to the 

dilemma for the strength and conditioning coach as to what should be emphasised, Force or 

velocity? The inclusion of F0  and V0 provides greater insight into the relationship between the 

mechanical capabilities of the neuromuscular system and optimal performance.  

 The emphasis on capabilities in force or velocity is in part related to muscle 

architecture. Muscle architecture refers to the arrangement of muscle fibres. Muscle fascicle 

length and pennation angle have been interesting areas of muscle architecture research for 

some time and influence an athlete’s force and velocity capabilities. Larger muscle fascicle 

lengths enhance contraction speed (Alegre et al., 2006; Kumagai et al., 2000) compared to 

larger pennation angles, which reduce contraction velocity but increase the force capabilities 

(Kawakami et al., 1993). The adaptations in muscle architecture are dependent on the training 

stimulus imposed.  



 

34 
 

 In one study, Kumagai et al.(2000) split 37 male sprinters into two groups based on 

their time to complete 100m sprinting (Group 1 = 10.0-10.9s and Group 2 = 11.0-11.7s). They 

discovered that fascicle length was significantly larger in group 1 when compared to group 2, 

which correlated with better sprint performance (r=-.40 to -.57). Other studies have reported 

similar findings over the years, where longer fascicle lengths were determined best for high-

velocity activities, such as sprinting (Alegre et al., 2006; Kumagai et al., 2000; Stasinaki et al., 

2019). The question in attempting to match rugby practice with rugby performance on the 

pitch is, then, how did these athletes promote fascicle length increases? And Is it possible to 

train? Evidence suggests it is possible to train. However, specific parameters are required. 

These parameters are found in the prescription of velocity-based training. 

 Movement velocity heavily influences training adaptations, more specifically 

pennation angle, muscle thickness and fascicle length (Alegre et al., 2006; Stasinaki et al., 

2019). Explosive movement velocity (<1.5s per contraction) encourages large increases in 

fascicle length, regardless of the contraction phase, i.e. concentric and eccentric (Alegre et al., 

2006; Kumagai et al., 2000; Stasinaki et al., 2019). Muscle thickness increases as the pennation 

angle subsequently decrease, causing a series arrangement of fibres and improving the ability 

to develop high-velocity contractions (Alegre et al., 2006; Kumagai et al., 2000). These two 

theories explain how greater fascicle length benefits explosive activities and contributes to 

greater speed-strength output, resulting in better sprinting ability. In contrast, slower velocity 

training increases pennation angle (Kawakami et al., 1993) and the number of fibres arranged 

in parallel. Through slower velocity training, although maximal force capabilities increase, 

contraction velocity decreases (slows down). Thus, training can influence muscle architecture, 

which in turn influences performance. The above adaptations are not exclusive to velocity-

based training (VBT) but measuring velocity may be best to ensure the training stimulus is 

specific to achieving the desired adaptation for performance.  
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2.3.4 Horizontal orientation profiling 

 It should not be assumed that FVPs in one plane transfer directly into the performance 

of the other (i.e. that vertical profiles predict horizontal profiles or vice-versa). Jiménez-Reyes 

et al. (2018) compared horizontal and vertical FVP at increasing intensities of jumping and 

sprinting. The results (n=553) reported between the two planes displayed weak correlations 

for all measures, including F0 (p<.001) (r = .24 for men and .42 for women), V0 (p=.001) (r =.18 

for men and .04 for women) and Pmax (p<.001) (r =.34 for men and .66 for women). This 

relatively recent study shows that the relationships between most horizontal and vertical-

orientated profiles are weak. Therefore, using both vertical and horizontal profile methods in 

multi-dimensional sports should reduce the risk of error for programming (Jiménez-Reyes et 

al., 2018), particularly in a team sport such as rugby. For horizontal-orientated movements, 

horizontal FVP is best (Jiménez-Reyes et al., 2017). 

 Horizontal FVP is possible to measure using sled-based resistance, and this 

methodology has previously been deemed reliable. Cahill and colleagues (2019) conducted a 

study to assess horizontal-orientated FVP in Sled pushing. Ninety high-school males completed 

one unresisted sprint, followed by three resisted sprints (at increments of 20%, 40% and 60% 

BM) with rests between trials. The relationship between force and velocity was high (r=.96), 

and the study also showed reliable coefficients of variations (CV= 3.1%). With this reliability, 

we can assume similar principles apply to the study by Jiménez-Reyes et al. (2017) and thus 

use sled-based resistance to assess force-velocity imbalances and create optimal profiles for 

training.  

 When considering sled pulling, the importance of friction testing should be addressed. 

In terms of training specificity, horizontal resistance training can be considered highly relevant 

due to the similarities to sprinting mechanics for field sports (Lockie et al., 2003).  

Furthermore, the effectiveness of dragging, pulling, or sprinting with a loaded sled in the 
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context of a training stimulus is well documented (Cross, Tinwala, et al., 2017). However, 

replicating these training results is difficult due to surface friction differences. Sled training is 

mainly in the horizontal plane, where resistance is also dependent on friction characteristics 

and the surface (Cross, Tinwala, et al., 2017). Meaning that resistance load parameters may 

differ between practice (training) and pitch (pre-match performance) depending on the sled or 

sprinting surface. To date, there is little standardisation of this variable, but it should be noted 

that disregarding friction qualities when implementing loading parameters may result in non-

desired adaptations.  
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2.3.5 Applying force-velocity profiles to rugby 

 As identified earlier, optimal FVPs have been identified for sprinting and jumping 

(Jiménez-Reyes et al., 2017; Morin & Samozino, 2016), but not within rugby or specifically 

linked to the RPIs that are often associated with the tackle contest. However, rugby is more 

complex to investigate than sprinting or jumping as each contact contest is unique and varies 

in demands (force or velocity dominant) depending on the situation. Furthermore, it would be 

naïve to assume any optimal FVPs found for rugby would be best for all players or positions. 

The wide variety of FVPs supports this found between amateur and international rugby players 

(McMaster et al., 2016; Watkins et al., 2021). Differing profiles are probably due to a number 

of factors, such as playing position or level of competition (McMaster et al., 2016; Watkins et 

al., 2021). Forwards tend to be more force dominant than backs because they are involved in 

more total impacts through tackles and rucks. In contrast, backs are more velocity dominant 

(McMaster et al., 2016; Watkins et al., 2021), where they typically cover larger distances and 

distances at high speeds because they rely on speed and skill  (Lindsay et al., 2015). However, 

the level of competition (club, professional and international) also influences FVPs (Watkins et 

al., 2021), probably due to the large differences in demands or strategies. This study 

investigated the FVPs that best relate to many RPIs in semi-professional rugby players, with 

more emphasis on the tackle contest. Furthermore, identified which of the neuromuscular 

system’s mechanical abilities best correlate to RPIs.
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Chapter 3 

Methods 

3.1 Experimental design  

 A correlational design was selected to determine the relationship between rugby 

performance indicators (RPIs) (post-contact metres, tries, turnovers conceded, tackles, try 

assists, metres run, tackle-breaks and defenders beaten) and force-velocity profiles (FVPs) of 

the barbell box squat, jammer push-press, sled pull, and sled push in semi-professional rugby 

players.  

3.2 Participants 

3.2.1 Overview 

 Twenty-two semi-professional male rugby players were recruited for this research 

project (weight 102.5 ± 12.6kg, height 185 ± 7.4cm, age 24.4 ± 3.4years). To clarify, semi-

professional refers to players that receive an income for playing rugby but do not receive it for 

the entire year. Playing positions were distributed as backs (n=10) and forwards (n=12). Of the 

22 players, six were in their first year of open grade professional rugby. All players were 

familiar with resistance training with two or more years of experience, either through school 

or rugby organisation (provincial grade or higher). The testing was conducted 12 days prior to 

the competition season commencing. All athletes were medically screened before testing. 

Those deemed medically unfit did not participate in the study. 



 

39 
 

3.2.2 Eligibility 

 In order for athletes to be eligible for this study, they needed to be contracted or a 

potential candidate to be contracted to the Hawke’s Bay Rugby Union for the 2021 Mitre 10 

Cup season. Players who were not in line to be contracted were excluded from the study (i.e. 

young academy players or players from previous years that have retired but still held gym 

access). Injured players were also excluded from the study.  

3.2.3 Sample size 

 The study attempted to recruit all provincial-level rugby players in the Hawke’s Bay 

Region. As such, the sample size was determined by the Hawke’s Bay Rugby Union players who 

had met the eligibility criteria and were available to participate in the study. It is worth noting 

the initial idea was conceived to recruit the Hurricanes, a super rugby team. However, due to 

the national pandemic and restrictions, this was not possible. Hence the decision to recruit the 

local semi-professional rugby team.  
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3.3 Testing protocol overview  

 Testing took place at the Hawke’s Bay Rugby Union training facility in Napier, New 

Zealand. Athlete FVPs for four common strength exercises were completed in a single session. 

A standardised warm-up was conducted 15-minutes before testing to reduce the risk of injury.  

Athletes were assessed using the barbell box squat, jammer-push-press, sled pull, and sled 

push (see Figure 3-1). These exercises were selected as they are common practice in the 

industry (T. Nepe-apatu, 2021)

 

3.4 Load cell calibration 

 The present study required the measurement of horizontal force. Therefore, the load 

cell calibration process was conducted prior to the coefficient of sliding friction assessment. 

Calibrations in the current study were calculated using a seven-point regression equation. 

Note. Match statistics were collected the following nine weeks from the Hawke’s Bay Rugby Union 
analyst and ESPN Sports.  

Figure 3-1: Data collection process 
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While two-point calibration is common (García-Ramos et al., 2018; Garcia-Ramos & Jaric, 

2018), seven points were chosen to ensure accuracy across a range of loads. 

3.4.1 Load cell calibration procedure  

 To calibrate the load cell (Steel S-Type Tension/Compression Loadcell - PT4000, PT 

Limited, Auckland, New Zealand), seven known incremental loads were hung from a carabiner 

(Black Diamond, California, USA) and a stitched 60cm Dyneema sling (Black Diamond, 

California, USA) (see Figure 3-2). Voltage outputs were recorded for each load. Loads began 

with no load and increased with 5kg weight plates each trial until a total of 30kg (7 trials total). 

The calibration equation was calculated using a similar method to Castro et al. (2016) 

described below.  

 

  

 

 

 

 

   

 

 Hanging loads were converted from mass to force in Newtons (N) using the equation 

F=m∙g, where (m) is the product's mass and (g) acceleration due to gravity (Castro et al., 2016). 

The voltage for each load was also matched with the mass and force for each load. Linear 

Figure 3-2: Hanging load cell calibration 
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regression was fitted to determine the conversion equation from output voltages from the 

load cell to force (N).  

3.4.2 Load cell calibration results 

 The equation to convert voltages to force was F= 542.82 * V – 47.82. 

Where F = Force in Newtons and V = Voltage in millivolts (For full calibration results, see 

Appendix B). 

3.5 Coefficient of sliding friction testing 

 The coefficient of sliding friction associated with the sled sliding across the floor 

surface was analysed before sled push and pull trials to determine the influence on the 

measurement of horizontal force (see Figure 3-3). The coefficient of sliding friction was 

calculated as the ratio between horizontal frictional force and the normal force of the sled 

while the sled was moving at a constant velocity.  Forces were measured using a load cell with 

a custom set-up. The equipment consisted of the load cell, amplifier (PT100LC, PT Limited, 

Auckland, New Zealand), power source (AC Adapter model: AIL4542 M9636, Dick Smith, 

Melbourne, Australia), and CompactDAQ chassis (US9162, National Instruments, Texas, USA) 

connected to a DAQ (NI-9215, National Instruments, Texas, USA).  

 To assess the coefficient of sliding friction, known incremental loads were pulled at a 

constant velocity while measuring horizontal force output in mV. The horizontal force to move 

the sled was described as the pulling force (Fpulling), and the total sled mass (N) was described 

as the normal force (Fnormal). To calculate the coefficient of sliding friction at each load, the 

formula is  𝜇𝜇 = 𝐹𝐹
𝑁𝑁

 where (μ)= coefficient of sliding friction, (F) = frictional force and (N) = 

normal force. Finally, a linear regression was performed to determine the relationship 

between the coefficient of sliding friction and sled mass (N). For further detail on the 

coefficient of sliding friction assessment process, see Appendix B. 
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Note. Coefficient of sliding friction testing. Sled A is pushed by the researcher at a constant velocity whilst pulling sled B. The load cell records 
the voltages required to move Sled B. Red arrow indicates the pushing direction of the researcher. 

Approx 5m  
Sled B 
loaded 

Sled A Load 
cell 

Researcher 

Figure 3-3: Coefficient of sliding friction testing 
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3.5.1 Coefficient of sliding friction results 

 The results of the coefficient of sliding friction testing determined by linear regression 

that the coefficient of friction can be explained by the following formula, 𝜇𝜇 = -0.0001*N + 0.35. 

The accuracy of the linear model was very large (r2 = .73) (see Appendix B). Interestingly, 

findings indicate that as sled load increases, the coefficient of sliding friction decreases, likely 

due to compression of the frictional surface. A graphical representation of this non-linear 

relationship is provided below in Figure 3-4. These results are similar to those reported by 

Cross, Tinwala et al. (2017). 

 

3.6 Group allocation for testing  

 For the assessment of FVPs, athletes were assigned to four strength groups based on 

results acquired from the HBRU head strength and conditioning coach on their most recent 

back squat 1RM testing results. The athletes were then grouped accordingly (Table 1) 

Table 1: Group allocations 

Note. Linear regression of coefficient of friction at known loads. 

Figure 3-4: Coefficient of sliding friction regression 
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Group Back Squat 1RM (kg) Load increments (kg) 

1 >200 50, 85, 130, 160kg 

2 180-200 40, 75, 115, 150kg 

3 160-180 40, 70,105, 140kg 

4 <160 30, 60, 85, 115kg 

Note. Groups were allocated according to back squat 1RM. Load increments were provided as a 

guideline and presented as the total weight loaded, including the 20kg bar.   

 

Athletes who did not have prior back squat 1RM results were asked to provide a 

predicted back squat 1RM and assigned to groups accordingly. The groups were chosen to 

ensure time-efficient testing, allowing researchers to test similar loads consecutively. Whilst 

it’s acknowledged that upper limb strength may vary within groups, it was logical to group 

participants according to lower limb strength as three of the four testing procedures are lower 

limb dominant. Due to time constraints in a semi-professional training facility, each group was 

allocated 15 minutes to complete testing for each exercise (13 minutes of testing, with two 

minutes of transition time between exercises. Each group transitioned through the exercises in 

a consistent pre-determined order. Each group was allocated an exercise to start and followed 

a rotation routine (see Table 2). 
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3.7 Data collection  

3.7.1 Warm-up 

 Before testing, a standardised warm-up was conducted for 15 minutes (see Appendix 

A). The warm-up followed the RAMP protocol method, designed to be a time-efficient 

sequence of how a warm-up should be delivered to optimise performance (Jeffreys, 2017). 

3.7.2 Barbell box squat  

Setup 

 The Linear Position Transducer (LPT) (GymAware, Kinetic Performance Technology, 

Canberra, Australia) was set directly in line with the lateral malleolus of the athlete during a 

trial run (see Figure 3-5) and connected to the iPad (Apple, California, USA). Approximately 250 

kilograms (kg) of weight plates were placed outside the power rack, and safety racks were set 

just below the box squat depth to ensure safety. Spotters were also on either side during 

testing as a further safety measure.  

Table 2: Group rotation order 

Group 1 (200kg+) 

n=3 

Group 2 (180-200kg) 

n=4 

Group 3 (160-180kg) 

n=7 

Group 4 (<160kg) 

n=8 

� Sled pull 

� Sled push 

� Jammer 

� Box squat 

� Sled push 

� Sled pull 

� Box squat 

� Jammer 

� Jammer 

� Box squat 

� Sled push 

� Sled pull 

� Box squat 

� Jammer 

� Sled pull 

� Sled push 

Note. Rotation schedule for groups every 15 minutes.  
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Testing protocol 

 Athletes began at rest, standing in front of the barbell. At the signal of the researcher, 

the athlete was instructed to unrack the barbell and squat to the depth set by the 52cm box 

before returning to starting position. For the repetition to be included, athletes must have 

squat down to the box and finished at maximal hip and knee extension. To achieve maximal 

velocity, Jumping, if possible, was permitted. Athletes were also encouraged to “move the load 

as fast as possible”. As loads increased, the ability to jump reduced. Self-selected bar position 

and foot placement were encouraged. Squatting to a box was conducted to ensure that 

athletes reached a repeatable depth for all trials. Once athletes had completed a full 

repetition, they exited the squat rack to rest. Athletes completed trials during each other’s rest 

periods. That is, when one athlete was resting, another athlete completed the testing process. 

This process continued until they all had completed one trial. 

 During each trial, velocity was recorded for each load for each athlete. To ensure a 

sufficient range of weights were lifted during testing, athletes lifted incrementally larger 

weights until they met a velocity threshold of 0.7 m/s. Back squat 1RM velocity of 0.3m/s has 

been reported within recent literature for FVP (Jovanović & Flanagan, 2014; Weakley et al., 

2021). However, a true % 1RM is not required for FVP. Therefore, the minimal velocity 

threshold (MVT) was set to 0.7m/s for the safety of the athlete, as well as the convenience of 

time. The lifting process was repeated until the MVT of 0.7m/s was achieved or rotation time 

expired.  

Load Increments 

 Load increases were dependent on the group (Table 1) and determined by previous 

one repetition max testing. Increment suggestions were provided for the researchers. 

However, the researchers also made adjustments to the athlete's load based on the previous 

trials and the goal of achieving MVT of 0.7m/s in the final lift. 
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3.7.3 Jammer push-press 

Setup 

 The LPT was attached perpendicular to the line of pull, directly below the starting 

position of the left jammer handle, attached to a 10 kg steel weight plate and connected to the 

iPad (see Figure 3-5). Approximately 100kg of weight plates were located on either side of the 

athlete, outside the jammer push-press.  

Testing protocol  

 Athletes began the movement in a self-selected crouch position with handles at rest. 

Players were permitted to use a self-selected foot position. At the signal of the researcher, the 

athlete would propel the handles forward as fast as possible for one repetition. They were 

instructed to reach full elbow extension for the trial to be included. Hip position (extended or 

flexed) was not specified and dependent on the athlete so as to mimic movement used in 

training and reduced the learning effect required for testing. Athletes were also encouraged to 

“move the load as fast as possible”. Velocity was recorded at each load for the athlete. This 

was repeated until they had all completed one trial of jammer push-press. The load was then 

increased, and the process was repeated until all players had completed four trials or the 

allocated time expired.  

Load increments  

 Load increments were determined by the researcher based on the player’s previous 

trial. A wide range of velocities was demonstrated across the individuals recruited, and as a 

guide, load increments started at 10kg on each side per trial. However, in the case of strong 

athletes, load increments were at larger intervals, where appropriate, to achieve an MVT of 0.7 

m/s.  
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3.7.4 Sled pull 

Setup 

 Timing gates (Swift Duo, Swift Performance, Queensland, Australia) were spaced 3.6m 

apart in width, with 2m between the start and finish gates in length. Approximately 80kg of 

weight plates were positioned on either side of the start timing gate. Masking tape was placed 

on the ground to indicate the front of the sled's start position. The sled (Xtreme Elite Prowler 

sled, Elite Fitness, Auckland, New Zealand) was positioned as close to the timing gate as 

possible to ensure that the beam broke upon the initial movement of the sled.  The athlete 

was connected to the sled via a harness and positioned between the first and second timing 

gate. A second marking tape was placed past the final timing gate to indicate a finish point and 

ensure players continued sprinting through the beam. A full diagram of the sled pull setup is 

presented in Figure 3-6 

Note: Jammer push-press set up. LPT set 
perpendicular to the line of pull, directly 
beneath the left handle.  

Note: Barbell box squat set up. LPT set 
directly in line with the malleolus of the 
athlete  

LPT mounted 
metal weight 

plate 

LPT mounted 
to metal 

weight plate 

Figure 3-5: Jammer push-press and barbell back squat setup 
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Testing protocol 

 Each athlete stood between the first and second timing gate, with the sled positioned 

at the start marking tape. The researcher signalled the player to begin sprinting. Athletes were 

encouraged to run ‘through’ the final timing gate to the finish tape marked on the ground. 

Researchers repositioned the sled back to the starting point, and a second athlete then 

repeated the process with the same sled load. Athletes were also encouraged to “move the 

load as fast as possible”. This process was repeated until all athletes had completed one sled 

pull trial. The load was then increased. The process was repeated until all athletes had 

completed four incremental sled pulls or until time expired. Sled loads were consistent for all 

athletes at no load, 20kg, 40kg, 60kg, and 80kg. This excluded the sled weight itself (31kg).  

Load increments 

 A range of loads and velocities were required to ensure the validity of the resulting 

FVP. Researchers have previously used velocity decrements or % of body mass as targets for 

sled FVPs (Cahill, Cronin, et al., 2019; Cross et al., 2018). However, this was not practical due to 

time constraints and individual differences. Therefore, sled loads were consistent for each 

athlete, as also used in a study conducted by Helland et al. (2019)
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Note: Sled pull testing station setup. Red triangles represent timing gates. Green cross represents start marking tape.  

Figure 3-6: Sled pull setup 

Finish gate   

Athlete 
1 

2m   

Sled  
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3.7.5 Sled push 

Setup 

 The setup for the sled push was the same as identified in the sled pull above. However, 

in this exercise, the athlete began behind the starting tape rather than the sled. No finishing 

tape was required. Instead, athletes were cued to continue pushing until their feet were in line 

with the finishing timing gate.  

Testing protocol 

 Players lined up at one end of the timing lights. Athlete one was positioned behind the 

sled at the start marking tape in a self-selected crouch position (see Figure 3-7). The sled was 

positioned to ensure the timing light beam would break at the initial push. Hand and foot 

positions were not standardised to reduce results impaired by the learning effect. At the signal 

of the researcher, the player pushed until their feet were in line with the finishing gate. 

Athletes were reminded to push off the front foot and not lift the sled base off the ground to 

ensure that most of the force was exerted horizontally, and the coefficient of sliding friction 

remained similar to that already calculated through calibration. Athletes were also encouraged 

to “move the load as fast as possible”.  At the end of each trial, the sled was reset and 

repeated with athlete two. This process is repeated until all players have completed one sled 

push. The load was then increased, and the previous process was repeated. The process was 

repeated until all players had completed four incremental sled push loads or time expired.  

Load increments 

 A range of velocities and loads are required to create FVP. Although standard methods 

are often relative to the individual, i.e. velocity decrements or % of body mass, they were 

impractical due to time constraints (Cahill, Oliver, et al., 2020). Sled loads were standardised 

consistent for each player set at load no load, 20kg, 40kg, 60kg and 80kg.  
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Note.  Figure of sled push testing station setup. Red triangles represent timing gates. Green cross represents start tape and orange cross respresents the finish tape.  

Sled  

2m   

Athlete 
1 

Figure 3-7: Sled push setup 
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3.8 Force-velocity profiling 

 FVPs were calculated in Microsoft Excel using formulas derived from Morin and 

Samozino (2017). Interpretations of mechanical variables were identical to those from Morin 

and Samozino (2016). For each exercise, force-velocity slope (Sfv), maximal power (Pmax), 

theoretical maximum force at zero velocity (F0) and theoretical maximum velocity at zero force 

(V0) were calculated. As such, a maximum of 16 measures were calculated for each athlete. 

 

 

3.8.1 Methods to determine participant's neuromuscular abilities 

 Microsoft Excel was used to determine the Sfv as described by Morin and Samozino 

(2017). For the box squat and jammer push-press trials, the absolute loads (kg) were converted 

to Newtons (N) = m∙g. They were deemed as force values. It is acknowledged that the jammer 

push-press is a combination of vertical and horizontal forces; however, the assumption was it 

is primarily vertical force hence the use of N = m∙g.  In the calculation, Sfv =SLOPE(force values, 

velocity values). The velocity values inputted were in metres per second (m/s), provided from 

the LPT.  

Table 3: Formula to determine neuromuscular performance 

Force-velocity profiles Formula 

Force-velocity slope Sfv =SLOPE(force values, velocity values) 

Maximal power Pmax = F0 .V0  /4 

Theoretical force maximum F0 =INTERCEPT(force values, velocity values) 

Theoretical velocity maximum V0 =  -F0 / Sfv 

Note. Formulas were calculated as described by Morin & Samozino, 2017.  
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 For the sled trials, the horizontal force was determined as Hforce= μ∙N, where (μ)= 

coefficient of sliding friction and (N) is the normal force. This was deemed as ‘force values. The 

‘velocity values’ were inputted as total seconds (s) to complete the sled trial. The Sfv calculation 

for the sled trials was also completed in Microsoft Excel via the (=SLOPE function); however 

additional steps were required. The Hforce was calculated first, as described above. Sfv was then 

calculated via the (=SLOPE function), where force values were Hforce and velocity was the 

seconds to complete each sled trial. Mechanical properties (F0 V0 and Pmax)  were calculated 

(see Table 3) as those formulas described by Morin and Samozino (2017).  

3.9 Series of match-day rugby performance indicators data collection 

 In the nine weeks which followed testing, match-day statistics were collected by 

performance analysts employed by Hawke’s Bay Rugby Union. Because not all statistics could 

be collected from one source, two reliable sources provided match statistics—the qualified 

video technician employed by Hawke’s Bay Rugby Union (HBRU) and the ESPN sports website. 

The HBRU provided figures on average post-contact metres, whereas statistics on tries, 

turnovers, tackles, try assists, metres run, tackle-breaks and defenders beaten were acquired 

from the ESPN website (see Table 4). A season of nine matches was assessed to accurately 

represent each player's abilities. There were 38 players contracted for the 2021 season; 

however, only 22 players can play each match. For example, player one may report a total of 

18 tackle-breaks and played six matches, whilst player two reported three tackle-breaks but 

only played one match. The season's statistics were converted to performance measure values 

relative to games played to account for these differences. To do this, the sum of the season’s 

statistics was divided by the number of matches played.  Based on the previous example, the 

relative value for tackle-breaks would be 3 for both players (i.e. Player 1= 18 tackle-breaks/6 

matches and player 2 = 3 tackle-breaks/1 match). The relative statistics for each player were 
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used for correlational tests. It is important to note that two matches from the season had to 

be cancelled due to COVID-19 restrictions. 

Table 4: Rugby performance indicator definitions 

 

Performance measure Description 

Post-contact metres Metres are calculated from when the ball carrier makes contact with 

the opposition players until they are bought to the ground, go into 

touch, score a try, pass the ball or concede possession of the ball. 

Tries The number of tries a player has scored.  

Turnovers conceded  The number of times the player has lost possession of the ball. 

Tackles The number of occurrences the players have completed a successful 

tackle.  

Try assists The number of times a player was the assisting player that threw the 

final pass to the try scorer 

Metres run The total number of metres a player has run with the ball. This 

includes contact and non-contact carries.  

Tackle-breaks  The total number of times an attacker had breached the defending 

line, including both contact and non-contact situations.  

Defenders beaten The number of occurrences of evasive ball strategies (sidestep or 

fend) caused a missed tackle for the defending team.  

Note. Performance measures are defined by Ungureanu et al. (2019) and Vanderpreet (personal 

communication, 2021). 
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3.10 Statistical analyses 

 A Pearson correlation was used to investigate the relationship between RPIs and FVPs 

of four common exercises that represent the athlete's neuromuscular performance. A 

preliminary analysis was performed to detect if any assumptions were violated. Non-

parametric tests were used for those that violated the assumption of normality. The alpha 

value was set is set at 0.05 for significance. Correlations were described using Hopkins’ 

qualitative descriptors (Hopkins, 2002).  

3.10.1 Data exclusions 

 Players that did not play any matches were removed from the analysis. Players who 

did not have sufficient data to create FVPs were also excluded. For example, some players 

could only complete one trial for a particular exercise due to time constraints. Therefore, an 

FVP for that movement could not be established. Recording errors also excluded two athletes’ 

data (jammer push-press and sled pull). Therefore, a total of 18 participants were included for 

correlational testing.  

3.10.2 Preliminary analyses 

 Before the correlational test, a preliminary analysis was conducted to detect violations 

of assumptions. Linearity, level of measurement, homoscedasticity and outliers did not violate 

assumptions. Normality was violated for the following variables and confirmed by inspection of 

histograms and Shapiro-Wilk tests; Average tries (p<.05), average turnovers (p<.05), average 

try assists (p<.001), average tackle-breaks (p<.001), jammer push-press Pmax (p<.05),  and Sled 

Push V0 (p<.05). The non-parametric Kendell’s Tau-b was used for the previously identified 

variables. For the remaining variables, a Pearson’s correlation was conducted.  
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Chapter 4 

Results 

4.1 Participant testing  

4.1.1 Baseline data 

 Athletes’ baseline data were provided by the HBRU head strength and conditioning 

coach. A total of 22 participants were recruited for the present study. See Table 5. 

 

4.1.2  Force-velocity profile test results  

 Following testing, a force-velocity profile was created for each athlete for each of the 

four exercises. Mechanical properties of the neuromuscular system were also extrapolated 

from the profile data (see Figure 4-1).  

 

Table 5: Team descriptive data 

n Weight (kg) Height (m) Age (yrs) 

22  102.5 ± 12.6 1.85 ± 0.7 24.4 ± 3.4 

Note. Data are presented as mean ± SD 

Note: Example of barbell box squat force-velocity profile (Sfv) with F0 ,V0 and Pmax.  

Figure 4-1: Force-velocity profile example 
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 In order to protect athletes' anonymity, their individual FVPs are not disclosed. 

However, the team’s collective data is found in Table 6. 

 

 

4.2 Match-day rugby performance indicators 

 The rugby performance indicators collected on match days from two reliable sources, 

the qualified video technician employed by Hawke’s Bay Rugby Union (HBRU) and the ESPN 

sports website, are collated in Table 7. 

 

Match Statistic Mean SD 

Matches 6.5 2.5 
PCM (m) 1.93 0.99 
Tries 0.2 0.2 
Turnovers 0.6 0.6 
Tackles 4.5 2.5 
Try assists 0.1 0.2 
Metres run (m) 23 19.1 
Defenders beaten 1 0.8 
Tackle-breaks 1.5 1.9 
Note. PCM = Post-contact metres. Results are presented as the player’s averages per match.  
 

Table 6: Team force-velocity data 

Exercise F0 (N) Sfv V0 (m/s) Pmax (W) 

Back squat 2987.0 ± 563.6 2019.9 ± 503.6 1.5 ± 0.2 1115.0 ± 198 

Jammer push-

press 1762.0 ± 357.4 810.3 ± 222.9 2.2 ± 0.3 978.2 ± 227.6 

Sled push 584.1 ± 130.7 206.2 ± 63.5 2.9 ± 0.5 421.0 ± 77.1 

Sled pull 463.3 ± 78.3 138.6 ± 51 3.6 ± 0.8 402.4 ± 31 

Note. Data are presented as mean ± SD.  

Table 7: Player performance indicators statistics 
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4.3 Statistical analyses 

4.3.1 Correlation results  

 Table 8 shows correlations between all rugby performance indicators and 

neuromuscular abilities measured.  There was a statistically significant, moderate, positive 

correlation between tackle-breaks and sled push V0 (r=.35, p=.048). Large, positive correlations 

between tackles and jammer push-press V0 (r=.53, p=.049), tackle-breaks and sled pull F0  

(r=.53, p=.02), and tackle-breaks and sled pull Sfv  (r=.53, p=.02). A large, negative relationship 

was found between sled pull V0 and tackle-breaks (r=-.49, p=.04). The largest correlation 

reported was seen between metres run and sled pull F0  (r=.66, p=.03).  
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Table 8: Correlations between rugby performance indicators and neuromuscular performance of four exercises 

RPI PCM (m) Tries Turnover Tackles Try assists Metres run (m) Defenders beaten Tackle-breaks 

 Correlation p Correlation p Correlation p Correlation p Correlation p Correlation p Correlation p Correlation p 

BS_ F0 <-.01 .99 .04† .84 -.17† .34 -.14 .59 .06† .76 -.16 .52 -.05 .84 -.24† .17 

BS_ Sfv -.09 .71 -.04† .84 -.07† .67 -.22 .38 .19† .32 -.20 .43 -.08 .75 -.20† .25 

BS_V0 .19 .45 .24† .19 <.01† .97 .25 .33 -.27† .15 .13 .60 .07 .78 .25† .15 

BS_ Pmax .12 .63 .06† .72 -.22† .21 <.01 .96 -.22† .24 -.07 .77 <.01 .99 -.05† .76 

JP_ F0 -.25 .39 -.17† .40 -.33† .11 .14 .62 -.39† .07 -.35 .22 -.34 .24 -.11† .58 

JP_ Sfv -.25 .38 -.10† .61 -.30† .14 -.29 .32 -.42† .05 -.29 .32 -.23 .44 -.06† .74 

JP_ V0 .02 .94 -.20† .35 <.01† .96 .53 .049* .04† .86 <.01 .99 -.11 .70 -.08† .66 

JP_ Pmax -.10† .62 -.24† .24 -.35† .09 .19† .35 -.32† .14 -.25† .21 -.26† .21 -.13† .51 

Sps_  F0 .02 .93 .15† 0.41 -.11† .52 -.16 .52 -.12† .52 -.03 .90 .10 .70 -.21† .22 

Sps_ Sfv -.07 .77 .04† .84 -.21† .24 -.26 .28 -.13† .46 -.15 .55 -.02 .94 -.29† .09 

Sps_ V0 .08† .76 -.04† .84 .16† .38 .29† .24 .06† .76 .15† .57 .05† .83 .35† .048
* 

Sps_ Pmax .12 .64 .18† .33 -.05† .79 .02 .93 -.19† .32 .14 .57 .23 .37 .03† .88 

Spll_ F0 .10 .77 .19† .42 .43† .07 -.42 .19 .37† .15 .66 .03* .55 .08 .53† .02* 

Spll_Sfv .06 .86 .12† .63 .39† .10 -.45 .16 .42† .10 .59 .06 .51 .11 .53† .02* 

Spll_ V0 -.16 .65 -.08† .75 -.28† .24 .58 .06 -.42† .10 -.58 .06 -.53 .09 -.49† .04* 

Spll_Pmax -.05 .88 .08† .75 .13† .58 .51 .11 -.14† .58 -.09 .80 -.18 .59 -.16† .48 

Note. All correlations are reported as coefficients unless stated otherwise. BS = barbell box squat, JP = jammer push-press, Spll = sled pull, Sps = sled push, PCM = post-
contact metres, RPI = rugby performance indicator,  †= Kendall Tau-B (τb) * = p<.05 .  
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Chapter 5 

Discussion 

 The present study identified significant correlations between rugby performance 

indicators (RPIs) and force-velocity profiles (FVPs) of four common resistance training 

exercises. Large, significant, positive correlations were found between force in the sled pull 

and tackle-breaks (sled pull F0 r=.53, p=.02, sled pull Sfv r=.53, p=.02). As expected, the velocity 

in sled pull V0 demonstrated a large negative relationship (r=-.49, p=.04). The sled push 

velocity measure, V0, displayed a moderate, positive correlation with tackle-breaks (r=.35, 

p=.048). Whilst the sled pull force measure, F0, demonstrated a large correlation with metres 

run (r=.66, p=.02). Finally, the jammer push-press V0 demonstrated a large positive relationship 

with tackles made (r=.53, p=.02). In the following text, we will explain the importance of these 

findings.  

5.1 Horizontal resistance training to enhance rugby performance indicators 

 The back squat is a common resistance training exercise with biomechanical and 

neuromuscular similarities to many athletic movements (Schoenfeld, 2010). The back squat 

enhances performance acutely, such as post-action potentiation for vertical jumping (Crewther 

et al., 2011; Weber et al., 2008) and sprinting (Healy & Comyns, 2017), and chronically, such as 

acceleration (Lockie et al., 2012). Furthermore, strong leg drive and low body positions are 

well associated with RPIs such as tackle-breaks (Wheeler & Sayers, 2009), in which the back 

squat is crucial for developing lower limb strength (Comfort et al., 2012; Schoenfeld, 2010). 

The current study used a box squat to standardise the movement and did not report any 

significant correlations between box squat profiles and RPIs. This may be surprising given the 

barbell box squat is commonly prescribed for performance (Schoenfeld, 2010). The obvious 
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dissimilarities in force orientation between a vertical plane squat and horizontal plane RPIs 

may well explain the lack of relationship. However, the first key finding from this study is that 

there was no correlation between the neuromuscular capabilities of a player's back squat in 

practice and their performance on match-day over the nine-match competitive season.  

 Traditional resistance training, such as the barbell box squat, violates specificity in 

rugby players, as it occurs primarily in the vertical plane. Furthermore, traditional resistance 

training is predominantly bilateral, whilst rugby actions are predominantly unilateral (sprinting 

or side-stepping). Although it is evident that squatting variations enhance performance, this 

may be sub-optimal for performance in a horizontal plane. 

5.1.1 Specificity of horizontal resistance training to rugby performance indicators 

 Horizontal propulsive force generation is a vital aspect of many sports that traditional 

resistance training struggles to simulate (Randell et al., 2010). This is partially attributable to 

the application of forces in dissimilar directions. All RPIs measured in the present study were 

performed in the horizontal plane. This is not to discredit the effectiveness of vertical 

resistance training, i.e. barbell box squat. However, it is proposed that a combination of 

vertical and horizontal resistance training may be best for maximal transference to sport 

(Randell et al., 2010). Non-specific resistance training exercises such as the back squat may be 

useful for developing a strength base. As such, these exercises are likely most effective early in 

the season. However, as the athlete approaches competition, specificity becomes more vital. 

For this reason, to ensure specificity of exercise orientation, coaches are encouraged to adopt 

horizontal exercises such as sled pushes and sled pulls (Mills et al., 2019). 

 Horizontal training methods are best for sports that occur in the horizontal plane and 

vice-versa for those in the vertical plane (Randell et al., 2010). Elite rugby union players require 

strength, speed-strength and agility to cope with the varied demands of rugby, which 

predominantly occur in the horizontal plane (Brazier et al., 2020). The present study’s findings 
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concur as horizontal resistance training demonstrated a significant and moderate to large 

relationship with RPIs, such as tackle-breaks, tackles, and metres run, whereas vertical training 

did not. As per the principle of specificity, whereby training should replicate competition 

(Randell et al., 2010; Young, 2006), horizontal training methods may be best for rugby 

performance.  

 Sled resistance training is a modality that requires athletes to push or pull an 

implement with resistance in the horizontal plane (Cahill, Cronin, et al., 2019; Petrakos et al., 

2016). In relation to rugby, this may replicate pushing or pulling an opposition from various 

positions, such as tackling or making a tackle-break in rugby. This study identified moderate to 

large correlations between RPIs and sled pull F0, sled pull V0 , sled push V0 and jammer push-

press V0.  

 During sled resistance trials, low body positions and a forward trunk lean were 

observed. The same positions have been shown necessary to break tackles (Hendricks, Karpul, 

et al., 2014; Wheeler & Sayers, 2009). This is particularly relevant as rugby players compete 

with low body positions that provide more stability (Sayers, 1999) during tackles, rucks, 

scrums, and mauls. Furthermore, these body positions are rarely adopted as part of vertical 

training movements. In contrast, sled resistance training has been shown to in increasing the 

net horizontal force necessary to break tackles (Lockie et al., 2012; Mills et al., 2019). Thus, this 

study is not alone in supporting the use of sled training and jammer push-press in rugby as a 

way to improve rugby performance.   

 Maximal horizontal force production is paramount during all phases of the tackle 

contest (see Figure 2-1). The low body positions demonstrated serve to increase horizontal 

force further. Therefore, the relationship between horizontal training and RPIs may be partially 

due to their similarities in force application and body positions. Finally, regardless of whether 

the player is attacking or defending, both players aim to overcome resistive forces in a 
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horizontal plane. Thus, the prescription of horizontal practice is likely to be advantageous to 

players whether they find themselves attacking or defending in most of their match-day 

situations. 

5.2 Sled push and tackle-breaks  

 The present study found that the sled push V0 demonstrated a moderate relationship 

with tackle-breaks (r=.34 p=.048). Prior to the study, it was hypothesized that the sled push 

would elicit the highest correlations due to the similarities with the movements in the tackle 

contest; however, this was not the case. While the sled push exercise likely simulates the initial 

front-on contact phase of the tackle contest and the velocity needed to break the gainline, the 

sled pull resistance simulates situations whereby the defender is behind the attacker, i.e. 

during the post-contact (see Figure 5-1, post-contact) and thus the force needed to maintain 

momentum.  

 

Figure 5-1: Force and velocity relationship throughout the tackle contest 

Note. Figure of the inverse relationship between force and velocity throughout the 
tackle contest, finishing at the pull-contact phase. Force and velocity are 
represented by yellow and green arrows respectively. Red arrows represent the 
running direction of the attacker. It is important to identify that the attacker does 
not have to be directly behind the defender for it to be considered the pull-contact 
phase. As long as the attacker is past the defender, it will be classified as the pull-
contact phase.  
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 The sled push precisely reflects a bunt or shoulder charge where the impulse of the 

initial contact during the contact phase is so large that the defender is deflected out of the 

attacker’s path. However, translating the sled pull practice into match-day performance is less 

conclusive because of the interaction that movement is likely to have with any opposing 

player. With respect to the findings in this study, it is acknowledged that while dominating the 

tackle contest does not always result in a tackle-break, it may increase the possibility of a 

break occurring.  

5.2.1 Low body positions and force orientation 

 Contact scenarios, such as tackle-breaks, occur more than non-contact scenarios, such 

as line-breaks (Wheeler & Sayers, 2009). During the sled push, the load is located directly 

anterior. Low body positions and a strong horizontal leg drive are also present (Cahill, Cronin, 

et al., 2019; Cahill, Oliver, et al., 2020). The similarities between the two may partly explain the 

moderate correlation. What is interesting here, though, is that the stronger correlation is 

found at the velocity end of FVPs, rather than the force end of the FVR spectrum.  

  The results of this study reported a significant moderate correlation between tackle-

breaks and sled push V0 (r=.35 p=.048). The similarities of horizontal force orientation and low 

body positions may explain the moderate relationship. For an attacker, the resistive force, i.e. 

defender, is in front during the tackle contest, where the player exerts high horizontal forces 

to push through and create a tackle-break. Similarly, in the sled push, the load is at the 

anterior and requires a horizontal force production to move the sled. The similarities of low 

body positions and force orientation may partly explain the relationship. However, this study 

adds the observation of a significantly large correlation between tackle-breaks and velocity 

dominant sled push profiles (r=.35 p=.048). Therefore, whilst coaches should consider the use 

of sled push resistance training based on the orientation of force and body position, what 
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should also be remembered is the importance of velocity or acceleration seen during tackle 

contests.  

5.2.2 Velocity enhances momentum into the tackle contest 

 For ball carriers to be successful, they must demonstrate “explosiveness on contact” 

(Tierney et al., 2018a). The explosiveness is likely to be influenced by the velocity when 

initiating contact. The minimal distance between players may explain why velocity is vital to 

dominate the tackle contest (Cross et al., 2015). In this context of velocity into the tackle, it is 

likely to refer to the secondary acceleration phase, which is the player moving at high 

velocities (acceleration in motion). In this instance, the player generates less horizontal force 

but moves at higher velocities in comparison to the stationary phase (see Figure 5-2).  

 

 A player’s ability to accelerate distinguishes the difference between competition 

levels, where elite players are more able to accelerate quickly (Lockie et al., 2011), suggesting 

acceleration ability Is vital. The findings presented in this study suggest that players who 

display more velocity dominant sled push FVPs (profiles that are skewed more towards the 

velocity end of the FVR) tend to make more tackle-breaks. Therefore, coaches should prescribe 

Figure 5-2: Force and velocity relationship during sprinting 
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sled resistance training that emphasises movements at high velocities to promote more tackle-

breaks.  

 These findings agree with Lockie and colleagues (2011) that velocity is integral for 

rugby, specifically where the initial contact leads to a tackle-break. Wheeler and Sayers (2009) 

also support the present findings, where players in their study who received the ball at higher 

velocities dominated the tackle contest (Wheeler & Sayers, 2009).  

 The velocity into the tackle contest enhances momentum, which is necessary to 

dominate the tackle contest. At contact, the player that produces the largest impulse 

dominates the tackle contest and potentially creates a tackle-break. These principles go some 

way to explaining the importance of velocity with reference to the impulse-momentum 

relationship.  

 In the context of the force-velocity relationship, these findings would suggest that, 

following the production of FVPs, coaches should identify players with a sled pushing velocity 

deficit and prescribe training for more high-velocity sled resistance. Doing so may encourage 

more tackle-breaks, as players who enter the tackle contest at higher velocities generate larger 

momentum, enhancing the likelihood of a tackle-break. 

5.2.3 Fixed arm position limits evasive strategies  

 The lack of strength of the correlation between sled push and any other rugby 

performance variable may be explained by the limited arm use of the sled push. The most 

apparent disparity between the sled push and tackle-breaks is the reduced ability to use the 

arms (Cahill, Cronin, et al., 2019) for evasive techniques such as fend. Indeed Wheeler and 

Sayers (2009) identified that strong leg drive and low body positions are vital for tackle-breaks. 

  Other research has also reported the importance of the upper limb for evasive skills 

such as fend (Tierney et al., 2018a; Wheeler et al., 2010). Fends contribute to a third of tackle-
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breaks, enhance lateral movement for change of direction, and provide offload opportunities, 

which are vital for rugby union (Wheeler & Sayers, 2011). Attacking players use the fend to 

breach the defensive line by raising the non-ball carrying arm to a bent position out front and 

pushing off the defender (see Figure 5-3). To date, no research has investigated the 

biomechanics of the fend, despite its importance. Nonetheless, some assumptions can be 

made. A better understanding would assist coaches in creating more effective training 

regimes.  

 

 

  

 

 

 

 

 

 The horizontal pushing motion in the fend seems similar to the bench press. Whilst 

previous research has determined that pushing strength (bench press) correlates with rugby 

tasks such as wrestling, tackling and the ability to push away defenders (Baker & Newton, 

2006), the plane of motion in this movement is still in conflict with the application of force on 

match day.  

 The lack of dynamic upper limb use may explain the weaker correlation in the sled 

push. In the sled push, there is no force production/pushing motion occurring from the upper 

limb because the arms are fixed and extended out front in a locked or static position (Cahill, 

Note. The fending strategy demonstrates a pushing motion 
similar to the jammer push-press.  

Figure 5-3: Fending strategy 
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Cronin, et al., 2019). Furthermore, this exercise does not create the opportunity to develop 

muscular speed-strength for the fend. The straight arm position eliminates contribution from 

the stretch-shortening cycle, which is vital for speed-strength  (Turner & Jeffreys, 2010). Thus, 

a recommendation may be that when prescribing any sled pushing training, a movement that 

incorporates arm swing movements also be included. 

 Another point worth considering in the context of the sled push is the elimination of 

the arm swing, which is vital for free-sprinting (Macadam et al., 2018). Arm mechanics can be 

complex and may vary depending on the phase of sprinting analysed (Macadam et al., 2018). 

Research suggests that the arms play a role in stabilising the trunk and aid in propulsive forces 

(Macadam et al., 2018). Both of which would enhance rugby performance. The lack of arm 

swing may reduce momentum heading into the collision, decreasing velocity due to reduced 

ground reaction forces (Macadam et al., 2018). The previously identified points may have all 

contributed to the absence of stronger correlations between the sled push and rugby 

performance indicators. When prescribing the sled push to enhance tackle-breaks, coaches 

should consider such potential downfalls. If the athlete displays technical deficiencies such as 

poor running mechanics or poor execution of fending strategies, other methods such as the 

sled pull may be best as they allow movement from arms.  

5.2.4 Stronger defensive positions during front-on tackles  

 Finally, a final reason for the lack of correlation between sled push and RPIs may be 

explained by the vague definition of the ‘tackle-break’. A tackle-break refers to the attacking 

player breaking the attempted tackle (Wheeler & Sayers, 2009). The term is vague, and it does 

not specify the direction the attacker entered the tackle contest. This is important because 

some directions of entry are more likely to result in success than others (Hendricks et al., 2018; 

Tierney et al., 2018a). This is probably due to players being in better positions to apply evasive 

strategies (Wheeler & Sayers, 2009; Wheeler et al., 2010; Wheeler & Sayers, 2011). Tierney et 
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al. (2018a) confirmed the differences between entry points where ball carriers outside the 

tackler’s peripheral vision (side-on) were more likely (over 10%) to advance past the gainline 

than the front-on (see Figure 5-4). Sayers and Washington-King (2005) reported similar 

information, where players should avoid direct contact with the defender and apply side-on or 

other evasive running patterns (Sayers & Washington-King, 2005). This information suggests 

that front-on carries are less likely to result in tackle-breaks than side-on. For example, a player 

may report 12 tackle-breaks, but only two were from a front-on entry. 

 

 Therefore, a final reason for the lack of more notable correlations between the sled 

push and RPIs may be explained by the rare occurrence of a front-on carry resulting in a tackle-

break. However, given that most tackle contests occur front-on, sled push resistance training is 

still valuable. 

5.3 Sled pull and tackle-breaks  

 The present study found that the sled pull F0 (r=.53 p=.02), sled pull V0 (r=-.49 p=.04), 

and sled pull Sfv (r=.53 p=.02) demonstrated a large relationship to tackle-breaks. The 

relationship for sled pull V0 was negative. Whereby as athletes demonstrate more velocity 

Note. Comparative of entry points into the tackle contest. Red arrow 
represents the direction of the attacker when entering the tackle 
contest. 

Figure 5-4: Tackle contest entry points 

Front-on tackle contest entry Side-on tackle contest entry 
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dominant sled pull profiles, tackle-breaks concomitantly decrease. The significantly large 

correlation between the sled pull Sfv and tackle-breaks suggests the Sfv of the athlete’s force-

velocity profile relates to the number of tackle-breaks. Players tend to break more tackles as 

the Sfv skews toward a force dominant sled pull profile. 

 It is hypothesised that the sled pull F0 correlation refers to the attacker advancing past 

or around the defender but still in contact (see Figure 5-1). During this scenario, the attacker 

actively tries to break free of the tackle from this position by ‘pulling’ away from the defender. 

 The attacker might end up in this position using some evasive strategy to manoeuvre 

around the defender. The pulling position will be termed ‘pull-contact’, not to be confused 

with ‘post-contact’. To clarify, pull-contact refers explicitly to the defender being located 

posterior to the attacker after the contact phase but still in contact with the defender.  

5.3.1 Evasive strategies and the ‘pull-contact’ phase 

 Research suggests approximately 92% of tackle-breaks are attributed to poor 

defensive positions, heavily influenced by evasive strategies (Wheeler & Sayers, 2009). For 

better success at dominating the tackle contest, side-on entry is best (Tierney et al., 2018b; 

Wheeler & Sayers, 2009; Wheeler et al., 2010) due to the fact defenders are being left in 

vulnerable positions (Wheeler & Sayers, 2009). For example, they are being left in an 

outstretched position following not making contact with the shoulder (see Figure 5-5, picture 

2), i.e. an arm tackle (Tierney et al., 2018b). Coaches have gone as far as emphasising technical 



 

73 
 

cues to reduce vulnerable positions. Cues such as ‘short steps’ aim to improve the defender’s 

ability to track attackers and make contact with the shoulder (Tierney et al., 2018b).   

 

 

 

 

 

 

 The significant correlation between the sled F0 and tackle-breaks (r=.53 p=.02) may be 

related to two factors. One being the arms are free to move; during the sled pull, the arms can 

move freely, which may better replicate sprinting mechanics (Macadam et al., 2018) and 

evasive techniques, such as fending, that may lead to tackle-breaks (Wheeler & Sayers, 2009; 

Wheeler et al., 2010). A second explanation is that the attacker has positioned themselves into 

the pull-contact phase because they have applied evasive techniques, creating a vulnerable 

and weakened defender. Therefore, the sled pull may not necessarily correlate largely with 

tackle-break itself, but to the defender being vulnerable from the techniques applied to result 

in the pull-contact phase. In addition to the weak arm tackle, the outstretched position of the 

defender compromises the performance by potentially resulting in their centre of mass being 

outside of the base of support and reducing their stability (Hertel et al., 2000). The reduction in 

stability consequently reduces the strength or speed-strength the defender can apply, thus 

resulting in the attacker’s tackle-break. Furthermore, if the defender is outstretched, it is 

unlikely he made contact with the shoulder, which is significant for tackling performance 

(Tierney et al., 2018b).  

Note. Picture 1 depicts the attacking player using evasive strategies 
(side-step) to move into the defenders peripheral. Picture 2 depicts the 
vulnerable position the defender is left in during the pull contact 

  

Figure 5-5: Evasive strategies create vulnerable defenders 
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 Therefore, the strong correlation between sled pull and tackle-breaks seen in this 

study may be due to the attacker being in better positions to replicate evasive strategies or the 

defender being in vulnerable positions, reducing their ability to complete an effective tackle.  

5.3.2 Sled pull force during the pull-contact phase of the tackle  

 Velocity is important for the tackle contest (Hendricks, Karpul, et al., 2014, 2014; Mills 

et al., 2019; Tierney et al., 2018a; Wheeler & Sayers, 2009), especially during the contact phase 

(Tierney et al., 2018b), as players with a higher velocity, have a higher momentum, allowing 

them to progress downfield. To continue progressing while in contact with the defender, 

players must continue to produce high horizontal forces (Hendricks, Karpul, et al., 2014; Mills 

et al., 2019). 

 The results from this study support the evidence identified earlier, demonstrating an 

inverse relationship between force and velocity throughout the tackle contest. Specifically, 

force becomes more critical throughout the tackle contest and vice versa for velocity (Figure 

5-1). It is thought that velocity dominant sled pushing profiles correlates best with tackle-

breaks during the initial contact, as discussed in the previous section. In contrast, we believe 

the force dominant sled pull profiles correlate with the pull-contact phase (see Figure 5-5, 

picture 2 and Figure 5-1 post-contact). This relationship may seem like common rugby sense; 

however, it is worth clarifying, as we believe it demonstrates the importance of force-velocity 

profiling the sled pull exercise.  

 The force required to break a tackle following the initial contact seems similar in 

orientation to that seen in a scrum (Mills et al., 2019). During a scrum, teams of eight players 

collide in a pushing match. Upon contact, impulses reduce momentum, consequently reducing 

velocity. The successful team in the pushing match is the one that generates the highest 
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propulsive forces (Mills et al., 2019). It is assumed the same principles apply to the pull-contact 

phase and can therefore be applied to sled pull training.  

 In relation to the tackle contest, as the contest continues, pulling force becomes more 

significant due to the attacker being positioned past the defender. The situation during pull-

contact suggests the defender, a resistive force, is positioned behind the attacker, where the 

resistive force is also located posterior to the athlete. From this position, the attacking player 

generates high horizontal impulses to continue advancing and separate themselves from the 

defender, which may eventually lead to a tackle-break. The same movements occur in the sled 

pull, where a pulling motion is required to overcome the resistive forces. The similarities 

between the two may partly explain the large correlation.  

 Without establishing FVPs, coaches could attribute success in tackle breaks to either 

force or velocity and fail to condition the more appropriate component. Therefore, coaches 

should conduct FVPs for the sled pull exercise and, as appropriate, identify force deficits which 

should result in prescribing heavy sled pulls to create force dominant FVPs, thus promoting 

more opportunities to create tackle-breaks.  

5.4 Sled pull and metres run  

 The largest correlation in the present study was reported between sled pull F0 and 

metres run (r=.66, p=.03), which suggests that players who demonstrated force dominant sled 

pulling profiles covered more metres run. The fact that no significant correlations were 

reported for post-contact metres implies that the large relationship for metres run refers to 

non-contact scenarios such as metres before initiating contact or line-breaks. These 

correlations may be attributed to the acceleration phase, specifically the initial acceleration 

phase, where the player sprints from a stationary position (see Figure 5-2). During this phase, 

the player generates high horizontal forces but is moving at a slower velocity.  
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 The initial acceleration phase is characterised by a constant increase in step length 

(Maćkała et al., 2015). The step length phase refers to the distance between a step from one-

foot contact to the next contact of the contralateral foot (Salo et al., 2011) and is influenced by 

the horizontal force (Hicks et al., 2020; Lockie et al., 2012; Maćkała et al., 2015). Players who 

can generate the largest horizontal forces can accelerate faster than those who cannot. For 

example, elite sprinters tend to produce higher horizontal forces than their sub-elite 

counterparts at any given moment (Salo et al., 2011). This is explained by Newton’s second law 

(F=ma), i.e. a force determines acceleration for a given mass. 

 The present study results suggest that force dominant sled pull profiles are largely and 

significantly correlated with metres run (r=.66, p=.02). Previous research has reported similar 

results, where heavier sled pull load (force) is best for the initial acceleration phases (Lockie et 

al., 2003; Winwood et al., 2015). These are likely due to the athletes being able to produce 

higher horizontal forces than their counterparts. Therefore, it is assumed the large correlation 

between metres run and force dominant sled pull profiles justifies the need for acceleration 

training for rugby performance.  

 On match-day, these findings could refer to many instances where the ball carrier aims 

to accelerate away from the defender, for example, during a line-break. Attackers who 

produce the most horizontal force may be best at creating space between themselves and the 

defender, ultimately covering larger metres in a match.   

 It is worth noting that other researchers have produced conflicting results, where 

positions that covered more distances, i.e. backs (Gabbett et al., 2012; Swaby et al., 2016; 

Yamamoto et al., 2017), displayed more velocity dominant FVPs (McMaster et al., 2016; 

Watkins et al., 2021). By contrast, forwards tended to cover less distance (Gabbett et al., 2012; 

Swaby et al., 2016; Yamamoto et al., 2017) and were more force dominant (McMaster et al., 

2016; Watkins et al., 2021). The differences in metres covered and profiles are likely due to 
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positional requirements. Forwards tend to be more involved in impact scenarios, where backs 

use skills and velocity to evade defenders (McMaster et al., 2016; Watkins et al., 2021). 

Irrespective of position, the present findings suggest that force dominant sled pull profiles are 

highly correlated with metres run and should therefore be integral for any rugby based 

exercise programme.  

 Based on the current study's findings, if the aim is to enhance metres run, coaches 

should identify force deficits from sled pull FVPs and prescribe heavy sled pulls. This will 

enhance horizontal propulsive forces at the initial acceleration phase and provide attackers 

with the tools to create more distance between themselves and the defenders, resulting in 

more metres ran. 

5.5 Jammer push-press and tackles 

 The present study found that the jammer push-press V0 (r=.53, p<.05) demonstrates a 

large significant correlation with tackles made. These results suggest players who displayed a 

more velocity dominant profile for the jammer push-press were more likely to break tackles.  

5.5.1 A combination of upper and lower limb movements relates to tackling performance 

 The importance of a strong leg drive for tackling success is well established within the 

literature (Hendricks et al., 2018; Hendricks, Karpul et al., 2014; Hendricks, Matthews, et al., 

2014; Tierney et al., 2018b). Research supports that the chosen exercises from this study are 

all effective means to enhance lower limb strength and speed-strength (Cahill, Cronin, et al., 

2020; Cahill, Oliver, et al., 2020; Schoenfeld, 2010). However, the present study reported no 

significant correlations between tackles made and lower limb dominant movements, i.e. sled 

push, sled pull and the barbell squat. The sole significant correlation between tackles made 

and gym-based movements was reported as the jammer push-press. Of the chosen exercises, 

it is the only one that incorporates the upper and lower limbs. This information suggests that a 
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strong leg drive alone is not indicative of tackling performance. Instead, a combination of 

lower and upper limb conditioning movements should be implemented.  

 The present study’s findings agree with Speranza and colleagues (2015), where 

tackling ability correlated with upper limb movements (3RM bench press r=.72) and speed-

strength (plyometric push-up, r=.70), as well as lower limb movements (3RM back squat, r=.72) 

in semi-professional rugby league players. Tierney and colleagues (2018b) reported a similar 

finding in rugby union, where upper-body movements significantly influenced tackling ability.  

 The usefulness of the upper limb seems to lie in the post-contact phase, specifically 

the arm wrap (Tierney et al., 2018b). The arm wrap is when the defender swings their arms 

forward and around the defender to stop them from advancing (Tierney et al., 2018b). The 

results agree with Speranza and colleagues (2015), where the upper limbs, specifically those 

that perform pushing movements, determine tackling ability. This is an interesting finding, 

given that the wrapping motion may be considered more pull. Thus, an area for future 

research may be around upper limb pulling movements, which may demonstrate a stronger 

relationship than that of upper limb push if they were investigated. Nonetheless, the present 

findings agree with the earlier results of Speranza and colleagues (2015), where the upper limb 

and lower limb movements best relate to effective tackles. Coaches should create a well 

developed full-body programme to enhance tackling ability. 

5.5.2 Positions in the tackle and jammer push-press  

 Other research has shown that during pre-contact in the front-on tackle, defenders 

demonstrate a head up and face forward position, the centre of gravity over forward of the 

base of support, a boxer stance (elbows tucked, hands up), and a low body position (Tierney et 

al., 2018b). Of those positions observed in their study, low body position (upright to low) was 

the only one to show significant proficiency for tacklers to dominate the tackle contest 

(Tierney et al., 2018b). Similar positions to those identified by Tierney et al. (2018b) were 
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noted in the jammer push-press used in this study, where athletes began in a low dip position, 

hands-on handles by the shoulders, head looking ahead and centre of gravity forward of the 

base of support assumingly due to the trunk lean. The jammer push-press setup demonstrates 

similarities in body positions and may also familiarise players with effective tackle heights.  

5.5.3 Tackle height and force application  

 Tackle height influences tackler success and varies depending on the tackler’s type of 

tackle (Tierney & Simms, 2018). Players are typically coached to aim for the attacker’s centre 

of mass, but experienced players may be able to use more advanced techniques (Tierney & 

Simms, 2018). The centre of mass height shifts in conjunction with their body position, where 

the higher a player is, so is their centre of mass. Tierney and Simmins (2018) stated that during 

the front-on shoulder tackles, aiming for the lower trunk is best for tackling success in 

comparison to the upper legs. A straight back with the centre of gravity forward of the base of 

support is also significant for tackle success (Tierney et al., 2018a).  

 The significant and strong correlation between tackles made and jammer push-press 

V0  seen in the current study may be due to the movement's similarity to effective tackle height 

and force application. In a tackle, the aim of the force for the lower trunk region is less 

horizontal and more slightly upward, almost diagonal in direction. A tackler driving up and 

underneath limits the ball carrier’s ability to stay grounded and produce high horizontal forces. 

The same diagonal driving motion occurs in the jammer push-press, where athletes apply 

maximal force in the diagonal direction. A low body position, strong leg drive and similar arm 

swinging motion are present in the jammer push-press, which may explain the relationship 

with tackling ability.  
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5.5.4 Tackler velocity at contact  

 As previously identified, velocity is essential in contact (Hendricks, Karpul, et al., 2014, 

2014; Mills et al., 2019; Tierney et al., 2018a; Wheeler & Sayers, 2009). Hendricks, Karpul, et al. 

(2014) reported that tacklers dominated 57% of the tackle contest despite being at a mass 

disadvantage. Their success was attributed to entering the tackle contest at higher velocities 

than the attacker. Tierney et al. (2018b) reported similar results, where explosiveness on 

contact during the contact phase of the tackle was a significant proficiency successful tacklers 

demonstrated. 

 The present study results support the position that velocity is essential at the contact 

phase during the tackle. More specifically, we showed that velocity dominant jammer push-

press profiles correlate best with tackling ability (r=.53, p<.05). Velocity into the tackle 

increases a player’s momentum, and as we, and others, have previously identified, momentum 

is vital to dominate the tackle contest (Hendricks, Karpul, et al., 2014). It is worth noting that 

the same researchers have also reported conflicting results, where velocity was not a 

determinant of tackling success (Hendricks et al., 2012). Nonetheless, in this study, high 

velocity for a resistance training exercise that incorporates lower body movement is 

significantly related to tackling success.  

 The present study's findings suggest that coaches should establish FVPs for the jammer 

push-press if tackles are the RPIs coaches would like to emphasise. Furthermore, coaches 

should identify velocity deficits and prescribe high-velocity jammer push-press exercise to 

create a more velocity-dominant profile. This, in turn, will enhance the player's velocity into 

contact and improve the effectiveness of each tackle executed.  
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5.6 Maximal power vs speed-strength for performance indicators  

 The previous discussion highlighted the importance of speed-strength, the colloquial 

term for power (Verkhoshansky & Siff, 2009), for tasks such as tackling, breaking tackles or 

sprinting (Hendricks et al., 2018; Hendricks, Karpul, et al., 2014; Lockie et al., 2012; Speranza et 

al., 2015, 2016; Tierney et al., 2018a; Wheeler & Sayers, 2009; Wheeler et al., 2010). For 

example, ‘explosiveness on contact’ to break tackles during the contact phase of the tackle 

contest (Tierney et al., 2018b) or for evasive strategies such as side-stepping (Wheeler et al., 

2010; Young et al., 2015). 

 It is important to mention that speed-strength encompasses all strength movements 

along the FVR. In contrast, Pmax refers to the apex of the parabolic power-velocity relationship, 

which is the maximum power that the athlete can produce for their respective profile (Cross et 

al., 2015). In relation to the FVR, the Pmax is the midpoint between force and velocity. 

 The results of the present study found no significant correlation between Pmax and any 

of the RPIs identified. This is interesting, considering that speed-strength is essential to rugby 

and may suggest that the role of generalist programming is limited. A comparison between the 

strict definition of Pmax in the present study and the vague definitions of speed-strength 

reported in the literature are likely to explain these results. Pmax is a specific point on the 

power-velocity curve, whereas speed-strength refers to the entire force-velocity spectrum, 

including Pmax. Studies that reported speed-strength as vital may not have been referring to the 

Pmax. But instead, elsewhere on the FVR.  

 Therefore, the present findings suggest that Pmax does explicitly not indicate successful 

RPIs. However, focusing on improving force or velocity qualities dependent upon an individual 

FVP does have merit. Depending on the task, players adjust their force and velocity to produce 

a particular speed-strength. The correlation results do reflect that some RPIs are velocity 

dominant (contact phase for tackling and breaking tackles), whilst other RPIs are force 
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dominant (post-contact phase to break tackles or metres run). Therefore, coaches should look 

to emphasise specific areas of FVPs rather than Pmax specifically; doing so allows players to be 

more diverse for the variety of tasks required in rugby.  
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Chapter 6 

Practical applications 

 This study highlights the importance of exercise specificity, such as exercise 

orientation during prescription. Although traditional resistance training is valuable, the 

transference to the field may be hindered due to a lack of specificity. Therefore, coaches 

should consider incorporating horizontal resistance training into rugby programmes. 

Furthermore, FVP is a valuable assessment tool that provides detailed insight into an athlete’s 

force and velocity capabilities. Profiles should be examined in conjunction with RPIs and 

positional demands to better inform training prescription. For example, an explanation for an 

athlete’s poor tackle-break performance may be revealed following the FVP assessment 

involving a sled push. Their profile may demonstrate they produce less velocity than others 

and rely on their force (strength) instead. Therefore, they should be prescribed more velocity 

dominant sled pushing exercises to create an optimal profile for tackle-breaks during the initial 

contact phase.  
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 To further simplify the application of these findings, figure 6-1 shows how FVPs could 

be used to enhance rugby performance indicators. However, this prescription assumes that 

coaches have already established individual FVPs and identified a vital rugby performance 

indicator (RPI) that the athlete lacks, with consideration of the positional demands. 

 The present study’s findings suggest that pulling force is vital for contact and non-

contact scenarios. Sled pull maximal force demonstrated a large correlation with tackle-

breaks and metres run. Therefore, it is recommended that coaches employ high-load sled 

pulling exercises to prepare athletes for breaking free from a tackle and to create space 

between themselves and defenders during the initial acceleration period. 

 Sled push maximal velocity also demonstrated a moderate correlation, suggesting 

pushing at high velocity is best for tackle-breaks during the initial contact phase. Moving at 

high velocities produces larger momentum into the contact phase, resulting in a tackle-break. 

Coaches that aim to create more tackle-breaks at contact may consider light load sled 

pushing. The load should be light enough to encourage high velocities in movement but 

Fast movements with low horizontal force production 
– Light sled push or light jammer push-press 
Tackle-breaks (acceleration in motion) or effective 
tackles made 

 

 

Force   

Slow movements with high horizontal force production- 
Heavy sled pulls 
Metres run (stationary acceleration) or tackle-breaks 
during the pull contact phase 

 

Velocity   

Figure 6-1: Force-velocity relationship of performance indicators 
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heavy enough to promote a slight trunk forward lean. Doing so likely maximises horizontal 

force production to reach maximal velocities.  

 Finally, the jammer push-press demonstrated the largest relationship with tackles 

made. This information suggests a combination of lower and upper limb pushing movements 

performed at high velocities are best for tackling. The similarities of force orientation and 

technical proficiencies of the tackle (i.e. tackle height and arm wrap) may explain the large 

relationship. Coaches that would like to emphasise tackles made should incorporate 

movements like the jammer push-press at high velocities.  
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Chapter 7 

Limitations 

7.1 Time constraints 

 Due to constraints at the participating rugby club, athlete testing time was limited to 

90 minutes to complete informed consents, medically screen players, inform players of the 

session, allocate groups, conduct a standardised warm-up, and complete force-velocity testing. 

The time constraint posed some challenges. Athlete force-velocity data was impacted the most 

as some players did not complete enough trials to establish FVPs. In addition, rest periods 

between efforts were reduced from optimal levels, which may have impacted player 

performance. While it’s acknowledged that the time allocated is similar to a typical training 

day, additional time may have provided a more accurate representation of the player’s force 

and velocity capabilities.  

7.2 Sample size  

 Due to player availability, the sample size was smaller than anticipated. An 

approximate 30 players were initially available; however, injuries reduced this number. 

Furthermore, some higher profiled players were away with external professional contracts. 

The inclusion of these players to bolster the sample size would have provided a more accurate 

representation of the population.  

7.3 Training assumptions 

 Our results suggest there are relationships between some RPIs and FVPs, and we 

assume the strength of the relationship suggests it may be an effective training method. 
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However, it should be emphasised that this was not an intervention based study. Future 

research should conduct a training intervention to determine if the proposed training 

implications extend to chronic adaptations. 

7.4 Familiarisation period and standardising 

 A familiarisation period with the players was not possible, as player availability was 

limited to one session. To account for this, the player starting positions for most movements 

were not fully familiarised with exercises such as the sled push, sled pull and jammer push-

press. The researchers encouraged a self-selected position for each of the three previously 

identified exercises to reduce the learning effect. Standardising methods for these movements 

across the team may have improved the reliability of the results. 

7.5 Statistics per match 

 The season’s statistics were analysed as RPI per match. Researchers acknowledged 

that some players would play more matches than others. Therefore, the averaged approach 

per match was adopted. However, it was apparent that some players had more match time 

than others, even though the total number of matches played was equal. i.e. player one played 

30 minutes, and player two played 90 minutes, both over five matches. This also may be a 

limitation in our study. Future researchers should consider analysing statistics relative to game 

time (RPI per minute).  

7.6 Coefficient of sliding friction testing  

 The researcher pushed the sled at an estimated constant velocity during coefficient of 

friction testing. Previous research had used a mechanical winch to ensure velocity was 

constant. However, this was not possible in the present study due to the limited resources 

available for this project. 
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Chapter 8 

Conclusion 

 This study investigated the relationship between horizontal and vertical strength 

training and RPIs. This study identified  FVPs of the four exercises and showed which variables 

demonstrated the strongest relationship with RPIs. The findings of this study highlight the 

importance of exercise specificity, where horizontal strength training best relates to RPIs. 

These findings are likely due to rugby being played in a horizontal plane, which relies on 

horizontal force production. In addition, this study showed that RPIs are heavily influenced by 

the individual’s force-velocity profiles. Therefore, coaches should adjust training to create 

more force or velocity dominant training programmes and parameters for athletes depending 

on their positional demand and RPI of interest. Finally, ‘power’ has been deemed critical for 

performance. However, the definition is vague. The present findings suggest that Pmax is not 

indicative of RPIs. Instead, a context-specific balance between force and velocity is needed. 

These findings emphasise the usefulness of training along the force-velocity spectrum rather 

than specifically aiming to increase overall power output (Pmax ).  
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Appendix A 

Warm-up (RAMP) protocol  
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Appendix A: Warm up protocol 

RAMP Exercise Description 

Activate and mobilise Lying 
hamstring 
kicks 

Participants were instructed to lay supine on their back with arms to their sides. One leg bent with the same foot on the floor, 
and the other extended and relaxed. Raise the extended leg up and back towards their head, keeping the leg extended. The 
movement was reversed to resume back to the starting position. Ten repetitions were completed per side. The purpose was to 
stretch hamstrings.   

Activate and mobilise Iron cross  The participant was instructed to lie supine on their back with arms relaxed to their side in a comfortable position. Head and 
shoulder blades are also on the ground. Legs were raised into the air with hips at 90 degrees and the knees. The outside of the 
left knee was placed down towards the ground on the left side. Ensure head, and shoulder blades remain in contact with the 
ground. The movement was reversed to resume the starting position. 4 repetitions were completed per side. The purpose was to 
stretch the lower back.   

Activate and mobilise Prone angels The participant was instructed to lie prone on the floor with arms fully extended overhead, palms down. They were cued to 
adduct the arms in an arc motion and slowly turn their palms face up. Once at the hips, flex the elbow to position hands over the 
lower back. Reverse the process back to the overhead position. Six repetitions total were completed per side. The purpose was 
to activate the mid-back and mobilise the shoulder joint.   

Activate and mobilise Quadruped 
open and 
closing the 
gate 

Participants were instructed to start in a quadruped position on their hands and knees. Hands should be stacked below the 
shoulders and knees below the hips. Starting with the right leg, drive the knee up towards the chest and then laterally in a 
circular motion. Reverse this motion on the same leg. Four repetitions were completed on each side. Repeat four repetitions 
each side. The purpose was to mobilise the hip joint.  

Activate and mobilise Calf pumps 

 

 

Participants were instructed to start in a push-up position, with hands stacked below shoulders and feet on the ground, 
supporting their body weight. The athletes were instructed to alternately drive their heels down into the ground to stretch the 
calves. Ten repetitions were completed on each side, followed by a 10-second static hold, and completed with another 
alternating ten repetitions. The purpose was to stretch the calves.  

Activate and mobilise Spiderman 
Hip and T-
opener  

Participants were instructed to start in a wide lunge position with feet shoulder-width apart. The feet should be spaced apart 
enough to feel a slight stretch in the front hip region of the rear leg. Place the same arm down as the rear leg (Right rear leg = 
right arm) directly in line with the rear leg but perpendicular to the front leg. This position should have two feet on the ground in 
a lunge position with one hand on the ground. Finally, the freehand was to touch the grounded hand and then rotate the chest 
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towards the front leg while pointing the free arm towards the sky. Six repetitions were completed on each side. The purpose was 
to mobilise the thoracic spine. 

Activate and mobilise Cross toe 
touch push 
up 

Participants were instructed to start in a standard push-up position (arms shoulder-width apart in line with shoulders). Perform 
one push-up and then touch the right hand to the left foot. Flexing at the hip and pushing the gluteus maximus to the ceiling was 
deemed ideal. Six repetitions were completed in total. The purpose was to activate the chest and stretch the posterior chain. 

Activate and mobilise Walking 
superman  

Participants were instructed to start on the 10m start line and proceed to walk forward. Kick the rear leg backwards. As they did 
so, flex at the hip and extend their arms overhead to be horizontal. Resume to the starting position with both feet on the floor 
and arms by their side. The aim was to stretch the muscles of the lower limb. Complete repetitions until the 10m line is reached. 
The purpose is to stretch the muscles of the lower limb.  

Activate and mobilise Quad pull to 
ankle pull  

Participants were instructed to start on the 10m start line and proceed to walk forward. Flex the rear leg and grab the ankle with 
the same-sided arm with every step. Hold for 1s and then repeat the process with the opposite leg. The process was repeated 
until the 10m finish line was reached. The aim was to stretch the muscles of the lower limb. force 

Potentiate Broad jumps Participants were instructed to start on the 10m line. Jump as far forward as possible at max effort. Landing must be stable (in 
control of the landing) and land on both feet. Rest as needed. Preform until the far 10m line is reached. The purpose was to 
prime the participant’s lower limb with movements similar to those later in the session. 

Potentiate Clap push up Participants were instructed to start in a position similar to exercise 7. Participants were told to perform a maximal push-up and 
aim to themselves off the ground. Whilst in the air, perform a clap with both hands and then land in a safe position. Rest as 
needed was encouraged. Three repetitions were completed in total. The purpose was to prime the  participant’s upper limb with 
movements similar to those later in the session. 

Note. Warm-up was conducted prior to athlete profile testing.  
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Appendix B 

Coefficient of sliding friction testing 

B.1 Load cell calibration 

 Force measurements obtained from the load cell were calibrated using linear 

regression. The linear regression model accuracy was confirmed by calculating the coefficient 

of determination (r2). Results indicated excellent fit during the linear calibration, with a 

resultant R2  value of 0.99 (see below). 

  

Appendix B.1 

Note. Linear regression of hanging loads (N) and Voltage (mV).  
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B.2 Coefficient of sliding friction testing 

Setup 

 The load cell was positioned between two sleds to measure the horizontal force 

required to move a given load at a constant velocity. (Sled A and sled B). Sled A was positioned 

in front of sled B and bound together by two 60 cm nylon stitched slings with a load cell 

connected by a carabiner on each side to collect force (see Figure 3-3). All testing was 

conducted on artificial turf located at the athlete’s training facility. The same surface was used 

during sled push and pull FVP testing.  

Testing procedure 

 The coefficient of sliding friction was assessed with the use of two sleds (Xtreme Elite 

Prowler Sled, Auckland, New Zealand). Two sleds were used for testing to ensure that the force 

vector was perpendicular to the ground. Sled A was pushed by the researcher at an estimated 

constant velocity, which pulled the loaded sled B. A total of eight trials were conducted at 

incremental loads of 31 (Sled with no additional load), 36, 41, 46, 51, 56, 61, and 71 kg. The 

load cell attached between both sleds the force required to move the sled at 1000hz. After 

each trial, both sleds returned to the starting position, and the process was repeated. 

 Previous friction testing research has utilised mechanical tools (winches) for pulling at 

a constant velocity (Andre et al., 2013; Cross, Tinwala, et al., 2017). However, due to resource 

limitations, a winch was unavailable. Therefore, manual pulling at an estimated constant 

velocity was employed. Scatter plots identified a period of constant velocity pulling. The data 
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was subset (see below) to calculate the average voltage for each trial. 

 

Analysis 

 To calculate the coefficient for friction at each load, the average pulling force 

(horizontal force to move the sled at a constant velocity) was divided by the sled mass in 

newtons (N). The coefficient of sliding friction 𝜇𝜇 = 𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝐹𝐹𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

  (see table below). 

  

Note. Example of voltages collected from one friction testing trial. Scatter plots identified 
the average pulling velocity (red arrow) which was subset to find average voltage for the 
trial.  

Appendix B.2: Subset example 
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Results 

 

Application 

 Finally, linear regression was created between FNormal and μ to create an equation to 

determine frictional forces at each load. This equation was used to calculate the horizontal force 

required to move the sled at incremental loads. Linear regressions were plotted where y = 

coefficient of friction and x = sled load + weight (N) to determine estimated friction at known 

loads (μ= 0.0001 * N + 0.3524), where N = known load in Newtons. (see Figure 3-4 of this thesis). 

 

 

FPulling  FNormal Coefficient of sliding friction (μ)  

303.8 98.38 0.32 

352.8 107.20 0.30 

401.8 122.71 0.31 

450.8 133.57 0.30 

499.8 141.77 0.28 

548.8 168.85 0.31 

597.8 168.38 0.28 

695.8 185.94 0.27 

Note. Sled load mass load converted to Newtons (N = m∙g). The equation  μ = Fpulling
N

 was used to determine the 

coefficient of friction at each load.  
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