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1.1 THESIS RATIONALE 
Lower limb muscular force and power capabilities are regarded as physical attributes 

essential to high level performance in many sporting endeavours. Accordingly, there has 

been considerable research into methods of assessment and training of lower limb 

muscular power. Despite this research interest, there is still extensive debate as to the 

most effective means of assessing and training muscular force and power, and the 

subsequent cross-over of training adaptations to performance in sporting tasks.  

Consequently, the assessment and development of lower limb force, velocity and power 

provides the focus of this research. 

 

Effective prescription of resistance training programs for sports performance requires 

accurate assessment of strength and power qualities for diagnostic purposes (2). 

Currently the best data collection methodology and most important measures for 

quantifying performance during iso-inertial lower body movements are unclear. 

Measures commonly used include peak force (PF) and mean force [MF] (32, 50, 202), 

rate of force development [RFD] (32, 195), peak velocity [PV] (107, 112) and peak 

power (PP) and mean power [MP] (15, 37, 38, 41, 107, 112, 175). Research has shown 

that many of these variables can be measured reliably during squatting and jump 

squatting using ground reaction forces (32, 50, 107), displacement time data (3, 107, 

112) or a combination of both (107).  

 

Some authors (171, 185, 203) have suggested alternative measures of force and power 

which may be of interest and warrant further investigation.  Establishing their reliability 

as performance measures and their importance to training prescription and sports 

performance may be of value to the sports scientist and strength and conditioning 

practitioner alike. Therefore the interrelationships between these measures and more 

traditional measures of force and power, and the reliability of such methods, require 

further investigation. Schmidtbleicher (171) used the terms absolute strength (maximal 

force that can be produced independent of body weight), speed strength (greatest 

possible impulse in shortest time period), starting strength (the ability to produce the 

greatest possible force in the shortest possible time period) and explosive strength (the 

capacity to achieve maximal increase in force per unit of time).  Tidow (185) also used 

similar terminology applying many of the measures discussed by Schmidtbleicher to 
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specific parts of the force-time curve. For example, Tidow described starting strength as 

the force developed at 30 milliseconds and explosive strength as the maximum rate of 

force increase per unit of time (maximum rate of force development).  

 

Zatsiorsky and Kraemer (203) have also discussed a number of similar force-time 

measurements that can be used to describe muscular performance. These include the 

index of explosive strength (PF / time to PF), the reactivity coefficient (PF / (time to PF 

x body weight), the starting gradient (½ PF / time to ½ PF) and the acceleration gradient 

(½ PF / (time to PF-time to ½ PF). Some studies have investigated similar measures to 

these in correlational research (195, 202). However, research investigating the 

application or practical significance of these alternative measures of athletic 

performance is scarce. Additionally, it is unknown whether these same calculations 

applied to the power-time curve predict athletic performance to better effect and 

therefore may be better variables to monitor training changes and performance gains.   

 

From a training perspective, strength and power adaptation due to resistance training is 

mediated by the mechanical stimuli associated with various loads and types of 

exercises. It has been suggested that the kinematics (displacement, time, velocity and 

acceleration) and kinetics (force, power, impulse and work) are the most important 

stimuli for strength and power adaptation (44) and at the very least determine the 

metabolic and hormonal responses to a resistance strength training session. Despite a 

large body of research into the kinematics and kinetics of a single repetition of various 

strength and power loading schemes, there is very little published data examining the 

kinematics and kinetics of loading schemes (multiple repetitions and sets), similar to 

those encountered in a resistance training session. Given the importance of exercise 

prescription to achieving required training outcomes, the lack of understanding of the 

effect of loading paradigms on test variables of interest would seem unusual.  

 

There are however, some studies which have examined multiple repetition mechanics in 

the squat and jump squat (18, 46, 48, 49, 96), and in the supine squat (46, 48, 49). The 

majority of these studies have compared the effect of different loading schemes for total 

velocity, force and power, and mean repetition velocity, force and power over a set of 

repetitions. In general, this has shown that for a single repetition heavier loads produce 

greater total and mean forces. However when volume load is equated light loads lifted 
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in a ballistic fashion  produce  not only greater total power and velocity but greater total 

forces and work (48). Perhaps of more interest in terms of understanding exercise 

prescription is force and power profiles of individual repetitions over a working set. For 

example, Baker and Newton (18) examined power outputs across a set of 10 repetitions 

during the jump squat, showing that the highest power output was achieved at either 

repetition two or three and maintained until the fifth repetition, with power output 

declining significantly thereafter. This provides tangible information to guide training 

prescription in terms of achieving maximum power output in a training scenario.  

 

There are wide variety of training systems which are prescribed in practise to develop 

explosive qualities in athletes, and identifying the appropriate prescription is crucial in 

optimising training outcomes. An alternative loading pattern termed inter-rep rest or 

cluster loading has been suggested as a method of structuring resistance training well 

suited to developing maximal power (81). These types of loading patterns, break sets 

into small “clusters” of repetitions, and have been compared to traditional loading 

schemes during both the clean pull (83) and the bench press (59, 127, 128) in research.  

Haff and co-workers (83) showed that PV during cluster loading (15-30 seconds rest 

between repetitions) was significantly greater than that achieved during traditional 

continuous loading. This research also showed traditional and cluster loading possessed 

different fatigue-related patterns during the sets of five repetitions, with the traditional 

loading technique resulting in significantly greater decreases in velocity for repetitions 

three, four and five. However, there is limited acute research profiling cluster patterns 

during lower body training. Likewise, there is limited research investigating cluster 

configurations applied over a training period. Thus the applications of these training 

structures to developing athletic performance are unclear. 

 

 

1.2 SIGNIFICANCE OF THE RESEARCH 
It is widely accepted that lower body muscular force and power capabilities are of 

significant importance to athletic performance. This is particularly true of collision 

sports where a balance of speed, lean mass and strength and power development is 

crucial. Yet to date, the importance of rate-dependent force and power variables to 

athletic performance has not been well researched. Despite discussion of such variables 
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in the literature, few studies have examined these qualities in depth. Accordingly 

questions remain as to the relationships of force-time and power-time variables to each 

other and performance in athletic tasks, how these parameters are affected in a training 

bout and how current resistance training practices affect these variables.  The majority 

of research to date has focused on the importance of PP (13, 52) and PF (195, 201, 202) 

despite contradictory evidence as to the relevance of these variables to athletic 

performance. Given the explosive nature of athletic performance, it seems that rate-

dependent force and power qualities warrant further investigation to elucidate their 

importance in athletic tasks and the ability of training practices to shift these measures. 

Additionally, despite the widespread assertion that cluster training is well suited to 

developing explosive performance there is very little research investigating mechanical 

stimuli associated with this type of training and longitudinal training outcomes. These 

gaps in the research need to be addressed in order to help the practitioner apply cluster 

training structures appropriately. This PhD project addressed these issues specifically 

with a highly trained population who compete at the elite level in collision sports.  

 

1.3 PURPOSE OF THE RESEARCH 
The purpose of this research was to investigate previously discussed but poorly 

researched methods of assessing force and power characteristics of the lower limb 

particularly focusing on the analysis of the force-time and power-time curves. This 

included analysis of methodological issues in analysing the force-time curve, the 

reliability and relationships between measurement apparatus, a comparison of reliability 

between traditional measures (PF and PP) and temporal measures, and an analysis of 

which measures were the best determinants of performance level in the study 

population, elite level rugby players. A second aim was to investigate how current 

training paradigms, specifically cluster loading, affect those force and power variables 

deemed to be reliable and able to differentiate performance, in an acute training bout, 

and over a training period in the complex training environment of team sports. 

 

1.4 RESEARCH QUESTIONS 
• How does start point of analysis effect force-time values when analysing 

rebound jump squat data? 
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• What force-time and power-time qualities can be reliably assessed during the 

jump squat movement using apparatus currently available to strength and 

conditioning practitioners and researchers? 

• Are alternative force-time and power-time measures better predictors of sports 

performance than traditional measures such as peak force and peak power in 

elite and elite junior rugby union players? 

• How does training set structure affect the force, velocity and power profile of a 

set during training (multiple sets, multiple repetitions)? 

• Do cluster loading patterns provide a more appropriate method of training force, 

velocity and power variables than traditional loading patterns? 

 

1.5 ORIGINALITY OF THE RESEARCH 
To date very few of the force-time and power-time variables discussed thus far have 

been investigated in elite populations who are highly trained. Likewise cluster loading 

patterns have not been researched using the jump squat movement patterns in an elite 

population. Elite level rugby union players represent a population for whom strength 

and power development is deemed to be of great importance and thus a considerable 

amount of time is committed to resistance training in athlete development and 

preparation. However, research into the assessment of strength and power, and into 

resistance training practices, in elite rugby union players is in its infancy. This research 

addresses strength and power assessment and training issues not previously investigated 

in this population. This will help provide improved understanding of methodological 

issues relating to assessment, and how the resistance training interventions investigated 

are best integrated in resistance training programming in this population. 

 

1.6 LIMITATIONS OF THE RESEARCH 
The participants in this study were all elite or elite junior rugby union players and in the 

most part participation was part of their prescribed strength and conditioning testing and 

training program. Accordingly all players had to undertake additional training to that 

prescribed for the purposes of this study. In some cases this may have included the use 

of individualised skill and conditioning programs. These factors could not be adjusted 

for the purposes of this research, but will be a matter of record and the information 

regarding physical activity levels and nutritional programs was available to the 
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researcher at the time of data collection. Where possible testing was scheduled 

following at least 48 hours of training abstinence.  

 

1.7 DELIMITATIONS OF THE RESEARCH 
The findings of the studies in this project are delimited to highly trained male elite and 

elite junior rugby union players between the ages of 18 and 34 years. Therefore the 

results of these studies must be applied to other populations with caution. 

 

1.8 STRUCTURE OF THE THESIS 
This thesis addresses two components of the exercise prescription process: assessment 

and training. Specifically, the use of temporal measures during jump squat assessment 

and applying cluster loading in training are investigated. Six experimental chapters are 

included (Chapters 3 – 8), containing studies which have been published or accepted for 

publication, specifically addressing the research questions. Each chapter is preceded by 

a “Prelude” articulating the relevance of the chapter to the aims of the thesis. The 

chapter then follows the format of the academic journal in which it has been (or is to be) 

published. Full abstracts for each experimental paper can be found in Appendix E. In 

Chapters 3 to 6 assessment issues are investigated and the studies in Chapters 7 and 8 

address questions relating to resistance training using cluster loading. The experimental 

chapters are preceded by a Review of Literature (Chapter 2) providing a discussion of 

assessment and training research relevant to the experimental chapters, and followed by 

a summary of findings (Chapter 9) which also includes a summary of practical 

applications and directions for future research. One section of the Review of Literature 

(section 2.3) has also been published and therefore this section follows the format of the 

published article. 
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CHAPTER 2 
 
 
 

REVIEW OF LITERATURE 



 9

 
 

2.1 INTRODUCTION 
The development of strength and power in the lower limb is a crucial component in the 

physical preparation of elite level athletes. This is particularly true of collision sports 

where a combination of speed and strength is crucial to success. Design and 

implementation of the training programs to achieve these outcomes are driven by the 

strength diagnosis process (153). This involves a repeated cycle of needs analysis, 

strength and power profiling, exercise prescription and training implementation. This 

review of literature will address the components of this process as they relate to the 

development of lower body explosive force and power using iso-inertial squatting 

movements. Firstly, literature on current methodologies that are utilised for the 

quantification of lower body muscular performance will be reviewed. Second, the 

training of lower body maximum strength, force, velocity and power will be discussed 

by way of an analysis of the literature encompassing different loading approaches 

during squat and jump training. Next, cluster loading patterns which represent a novel 

method of training lower body explosive performance will be discussed. Lastly, as the 

subject population for this series of studies are elite rugby union players some literature 

investigating strength and power development in collision sports will be introduced. 

 

2.2 ASSESSMENT OF LOWER BODY FORCE, VELOCITY AND 
POWER 

2.2.1 Iso-inertial Assessment of Lower Body Force, Velocity and Power  
The assessment of muscular strength and power serves a number of purposes for both 

the strength and conditioning coach and the sports scientist. These include strength 

diagnosis, talent identification, monitoring the efficacy of training interventions and 

investigating the importance of strength and power to athletic endeavours (2). Muscular 

strength has been defined as the ability to generate maximum maximorum external force 

(203), and is generally discussed as either concentric (force exerted during muscle 

shortening), eccentric (force exerted during muscle lengthening) or isometric (force 

exerted with no change in muscle length). Muscular power can be defined as the rate at 

which muscle can produce work (67) and is represented as the product of force and 

velocity.  
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An isometric muscle action involves the development of tension without an associated 

change in joint angle. Isometric assessment of force capabilities, although reliable has 

been shown to have only a limited relationship to functional performance (195). Iso-

kinetic assessment involves the testing of muscular performance at a constant external 

velocity. Although also shown to be a reliable means of assessment (197), iso-kinetic 

testing also lacks specificity when compared to the dynamic nature of human movement 

which is characterised by the acceleration and deceleration of a given mass. Iso-inertial 

assessment of strength and power  involves assessment using a constant external load 

(148). This type of assessment appears to have greater specificity to functional 

performance in that it too provides a constant external load and allows for acceleration 

and deceleration of that mass. Accordingly, this review and ensuing research will focus 

on this form of assessment. Movements which are commonly used in the iso-inertial 

assessment of lower body force and power include the squat and jump squat and the 

power clean and its derivatives (38, 41, 107).  

 

Loaded vertical jumps or jump squats are one of the more common means of iso-inertial 

lower limb assessment. This assessment modality is popular amongst strength and 

conditioning coaches and sports scientists due to its ability to assess the force, velocity 

and power capabilities of the lower limb in a movement that is functionally similar to 

many sporting activities. That is, it provides a closed kinetic chain assessment modality 

where the ankle, knee, hip and trunk are extended in a manner very similar to many 

functional tasks. Running, jumping and whole body pushing tasks (such as those present 

in many collision sports) all require the combined extension of these body segments. 

 

2.2.2 Jump Squat Assessment 
Movements such as the jump squat where the athlete and / or the load are projected are 

termed ballistic resistance training techniques (44). Jump squats are typically performed 

as either concentric only (93) or as a rebound (or countermovement) jump squat with a 

preceding eccentric contraction (107),  and thus the inclusion of a stretch-shorten cycle 

(SSC) in the movement. A rebound jump squat therefore has two qualities which are 

specific to many athletic and sporting activities. Firstly, the jump squat is ballistic in 

nature and second, it involves the coupling of eccentric and concentric contractions in a 

SSC. 
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A key limitation of a number of resistance training techniques lies in the incomplete 

acceleration of the training load. That is, during traditional resistance training 

movements, if the athlete is attempting to accelerate the load as quickly as possible and 

thus increase bar velocity, they must at some point decelerate the load. The utilisation of 

movements such as jump squats, as opposed to a traditional squat where the load must 

be decelerated at the end of the range may provide superior kinematics and subsequent 

kinetics.  As the system load can be accelerated over a longer duration displacement, 

force and power of the movement are likely to be greater when the load is projected.  

 

Unfortunately, there is limited research specifically comparing force, velocity and 

power profiles of traditional squats and jump squats. Therefore, the best illustrations of 

differences between traditional and ballistic movements come from upper body studies. 

Newton and co-workers (156) examined kinematics and kinetics of the bench press 

movement performed with a release (bench press throw) and without a release at 45% of 

1RM. The bench press throw resulted in significantly greater PV (% difference = 

36.5%, ES = 4.38) compared to the traditional bench press movement. PV also occurred 

later in the movement showing that the load was accelerated over a greater time period. 

Further research utilising the bench press throw by Cronin and colleagues (51), reported 

that at loads from 30-60% of 1RM greater peak velocities (% difference = 3.5% - 9.5%, 

ES = 0.25 – 0.93) were produced during a ballistic bench press movement when 

compared to a traditional non-ballistic movement. However at loads above 70% of 1RM 

no significant difference was found. This suggests that the greatest benefit with ballistic 

training and testing may be restricted to light to moderate loads.  

 

Concentric or eccentric muscle actions are rarely performed in isolation, as human 

movement is commonly characterised by the coupling of eccentric and concentric 

muscle actions in a SSC.  The SSC has been shown to augment performance in the 

concentric phase of movement (120). This augmentation has been attributed to a 

number of mechanisms including the utilisation of stored elastic strain energy in the 

series elastic components of the musculotendinous system during the eccentric phase 

and neural facilitation from the myotatic stretch reflex (27, 184, 194). Other possible 

mechanisms for explaining performance augmentation from  the SSC include a higher 

state of muscle activation prior to the commencement of the concentric phase increasing 
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initial force production (31), and increased strain on crossbridges at the end of the 

eccentric contraction increasing stiffness of the myotendinous system also increasing 

initial force production (30). Most activities in both a sporting environment and during 

resistance training involve a SSC. The jump squat is no exception with a rebound jump 

squat generally showing a different kinematic and kinetic profile to a concentric only 

jump. For example PP was reported by Stone and colleagues (179) to be greater (1.7% - 

7.7%) during a countermovement jump squat when compared with a concentric only 

jump squat across a spectrum of loads from 10-100% of 1RM at all loads except 40% 

and 100% of 1RM, the greatest difference occurring at 70% of 1RM.  

 

However, it seems that augmentation to explosive resistance training from the SSC may 

be restricted to, or at least maximised during, certain parts of the lift. Bird and Hudson 

(24) studied a rebound squat and a concentric only squat utilising an analysis of the 

entire concentric phase and an analysis of only the first 200 milliseconds of the 

concentric contraction. The movement was performed with “as much force and velocity 

as possible”. For the entire concentric contraction method, the rebound jump squat had a 

significantly shorter concentric time (0.593 seconds versus 0.793 seconds). There was 

no significant difference in displacement of centre of mass, or PP between the two 

different lifting techniques. However, when analysing the first 200 milliseconds of the 

movement, displacement of centre of mass (COM), velocity, work and power were all 

significantly (p < 0.05) greater utilising the rebound technique. The rebound condition 

showed a 7% increase in PP when the entire concentric contraction was analysed versus 

a 310% increase in PP when measured using the initial concentric analysis measure. 

This research was performed at 70% of 1RM using a power squat, rather than a jump 

squat. Nonetheless, the augmentation in force, velocity and power from the SSC during 

a rebound jump squat may not be fully understood by peak values alone. Whilst a 

rebound movement seems to be a more sports specific assessment, compared to a 

concentric only jump, the best means of analysis for this more complex movement 

remains unclear. 

 

2.2.3 Methods of Jump Squat Data Collection 
The force plate and the linear position transducer are the two apparatus, which are most 

commonly used to calculate force, velocity and power during the squat and jump squat. 

Although other methods such as an accelerometer (112) or a V-scope which uses 
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infrared and ultrasound technology to track displacement (178) are documented, the 

force plate and linear position transducer represent the two most commonly used 

technologies. The force plate directly measures ground reaction forces (37, 38, 50, 107). 

From this data, velocity of the centre of mass of the system can be integrated and power 

derived. The second method involves the use of one or more linear position transducers 

attached to an Olympic bar (37, 38, 107) or to the athlete (50). Velocity and acceleration 

are differentiated from the displacement-time data and so long as the system mass is 

known, force and power can also be calculated. A third method for calculating power 

combines the two data collection apparatus multiplying ground reaction force data by 

bar velocity (37, 38, 107). Each method requires the manipulation of data, which has 

implications for the validity and reliability of derived measures. These methods will be 

discussed in detail in the ensuing section. 

 

In terms of reporting force-time data during a jump squat, the direct measurement of 

ground reaction forces using a force plate represents the most valid method, as no data 

manipulation is required. The force-time curve can be analysed directly from this data in 

a customised software analysis program. Velocity of and power applied to the COM can 

then be calculated using the forward dynamics or impulse-momentum approach (37, 38, 

41, 107).  As the sampling rate and ground reaction forces are known and initial 

velocity is zero, at each time point through the jump the vertical ground reaction force is 

divided by the mass of the system to calculate acceleration of the system. Acceleration 

due to gravity is then subtracted so that only the acceleration generated by the subject is 

multiplied by time data to calculate instantaneous velocity of the systems COM. The 

resultant velocity data can then be multiplied by the original ground reaction force data 

to calculate power applied to the systems COM.  

 

The second method involves the use of only displacement-time data collected with one 

or more linear position transducers. Displacement-time data is differentiated to calculate 

velocity and acceleration, and then force and power can be calculated by inclusion of 

system mass into the formulae. The most common method of differentiating 

displacement data to velocity and acceleration is the finite difference technique (91, 

199). Data is differentiated once to calculate velocity and then a second time to 

calculate acceleration. Acceleration due to gravity is added and the resultant 

acceleration-time curve is multiplied by the system mass to calculate force for each time 
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point. Force is then multiplied by velocity to calculate power. Two alternative methods 

of calculation of power using a linear position transducer have been documented. The 

first involves the inclusion of only the external load and not the system mass (external 

load plus athletes mass) in the calculation of force (107). In the second, the calculation 

of force excludes the acceleration of the bar with the system mass being multiplied by 

gravity to calculate force. Neither of these alternative methodologies is regarded as 

biomechanically robust and their use does not seem widespread in the strength and 

conditioning literature (38, 62, 107). 

 

The amount of data manipulation required to calculate force, velocity and power 

variables from displacement data represents one shortcoming of this method (38). The 

double differentiation of displacement required to calculate acceleration, force and 

power from displacement data can magnify errors caused by noise in the raw 

displacement signal (37, 38). To correct for this error, in most cases raw displacement 

data is filtered prior to differentiation to remove noise in the signal (91). For example, a 

commonly used type of filter is a low pass Butterworth filter (32, 107). Key to the use 

of this type of filter is the choice of cut-off frequency (199). The filter will remove noise 

above a certain cut-off frequency. The choice of cut-off frequency is important to the 

accuracy of the final figures differentiated from the displacement data. A high cut off 

frequency may allow noise in the filtered data but is less likely to smooth the true 

signal, where as a low cut off frequency is less likely to leave noise in the filtered signal 

but may filter true data (199). Despite the smoothing of data, the process of 

differentiation can result in the magnification of noise present in the original 

displacement data and lead to inaccuracies in differentiated values. Therefore there are a 

number of sources of possible error in the processing of data when using linear position 

transducer data during the jump squat. 

 

The second shortcoming of this method lies in the biomechanical basis of the method. 

That is, in most cases the linear position transducer is attached to the system at the end 

of an Olympic bar (38, 39, 41, 107) or to the moving part of a machine (14, 92, 93) 

Therefore, it is assumed that the point of attachment of the linear position transducer 

moves in parallel with the COM of the system (107).  This of course may not always be 

the case, particularly when an Olympic bar is being used and there is significant trunk 

extension in the jump and the possibility of horizontal displacement of the bar at the 
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point of attachment. Therefore, the linear displacement transducer can provide a 

measure of velocity of the bar or machine at the point of attachment and an estimation 

of force and power output of the athlete or system. However, this is different to a force 

plate which provided kinematic and kinetic data related to the COM of the system.   

 

The third method used in research and in practical applications combines the two 

apparatus. Ground reaction forces from the force plate are used to investigate force 

production, displacement data from the linear position transducer is differentiated once 

to calculate velocity of the bar and the two figures are combined to calculate power 

applied to the bar (37-39, 41, 107). This method obviously provides a valid measure of 

force and velocity. However, it shares the assumption of the linear displacement 

transducer method, in that it too assumes that the bar and centre of gravity of the system 

move in parallel during the jump (107). This is of course true once the athlete leaves the 

ground, but cannot be assumed before then. The bar is in fact positioned some way from 

the centre of gravity and is therefore sensitive to movement artefact due to flexion and 

extension of the trunk. 

 

The validity of these three methods has been subject to substantial research in recent 

times. Cronin, Hing and McNair (50) showed no significant difference  between values 

generated by the linear position transducer and the force plate for PF during a squat 

jump (% difference = 3.8%), countermovement jump (% difference = 2.6%) and a drop 

jump (% difference = 8.6%). However, Hori and colleagues (107) reported that PV was 

significantly different between the force plate and linear position transducer only 

systems (% difference = 16.8%), and PP outputs were significantly different when using 

the linear position transducer only (% difference = -7.7%) and the linear position 

transducer and force plate system (% difference = 14.5%), when compared to the force 

plate only system. Consistent with Cronin et al. (50), Hori et al. (107) reported no 

significant differences between data collection methodologies for PF.  

 

Further research by Cormie, Deane and McBride (37) and Cormie, McBride and 

McCaulley (38) went a step further by including a second set of displacement data in 

order to control for the non-linear path of the bar during a barbell jump squat. The first 

study (37) compared PP, PF and PV, between the linear position transducer method, 

force plate plus linear position transducer method and the two linear position transducer 
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plus force plate method, during jump squats at 30% and 90% of 1RM. In contrast to the 

results of Hori and colleagues (107), this study showed that during a jump squat at both 

loads (30% and 90% of 1RM), the linear position transducer only system significantly 

over estimated both PF (5.9% and 9.2% respectively) and PP (12.8% and 39.9% 

respectively) compared to the force plate plus linear position transducer method.  

 

The second study (38) investigated six methods of calculating PP; one linear position 

transducer, two linear position transducers, one linear position transducer plus mass, 

force plate only, force plate plus one linear position transducer and force plate plus two 

linear position transducers. The squat and jump squat were investigated across a 

spectrum of loads from 0-85% of 1RM. Similar to the previous study (37), during the 

jump squat, the linear position transducer only method produced significantly higher 

power outputs when compared to the methods which used force plate data (% difference 

= 1.2% - 9.1%). The load-power relationship for the jump squat was not significantly 

different between methods. During the squat, PP values were again higher (% difference 

= 7.9% - 48.0%) when only position data was used, and the load-power relationship was 

significantly different between methods.  

 

Therefore, it seems that research investigating the use of displacement data to derive 

force and power variables is somewhat contradictory. Where Cronin and colleagues (50) 

found no significant differences between force outputs measured with a linear position 

transducer and a force  plate, more recent research has been less conclusive (37, 38, 41). 

Methodological differences including differences in data processing, the number of 

jumps collected, the movement pattern prescribed and the point of attachment of the 

linear position transducer may have contributed to these differences. Nonetheless, these 

studies have suggested that in some cases using displacement data only overestimates 

force and power output, and using ground reaction force data only may have a tendency 

to underestimate velocity. Thus the most valid method of collecting and calculating 

kinetic and kinematic variables remains unclear. 

 

2.2.4 Measures Calculated From Jump Squat Data 
Research into lower body force capabilities has traditionally focused on measures such 

as PF and MF (32, 50, 202). However, many authors have argued that it is the RFD 

rather than PF, which is of importance to explosive tasks. For example, it has been 
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established that foot contact time for elite sprinters is in the region of 100 ms. Given 

this, it may be the RFD is of greater importance than the actual PF which may occur 

600 ms into a contraction and therefore RFD should form the focus of assessment and 

training for athletes developing explosive qualities. Yet our understanding of the 

application of RFD measures is relatively limited as the relationship of RFD measures 

to traditional measures such as PF and PP during iso-inertial movements has received 

limited investigation.   

 

A number of studies have investigated these relationships using the isometric mid-thigh 

pull, suggesting that RFD is not strongly related to other measures (137-139). For 

example, three studies (137-139) reported that RFD during an isometric mid-thigh pull 

was not significantly correlated to PF in that movement or maximum strength (1RM) in 

the squat and power clean. A training study by the same research group (198) reported 

that following eight weeks of jump squat training isometric mid-thigh pull RFD 

increased (% Change = 49%, ES = 2.73) together with jump squat PP (% Change = 

28%, ES = 3.17) and PV (% Change = 32.7%, ES = 1.27) despite no changes in mid-

thigh pull PF and Squat 1RM. Changes in RFD and jump squat PP were significantly 

correlated (r = 0.74). Some contradictory findings to this research have been reported. 

Kraska and colleagues (124) presented different results showing that athletes with 

greater PF produced significantly greater (p < 0.01) RFD and Force at 50 ms, 90 ms and 

250 ms than those with a lower PF during a isometric mid-thigh pull. Thus there is some 

contradictory information as to whether or not RFD measures are related to traditional 

peak values. However, there is strong evidence that RFD and PF are unrelated and can 

change independently of one another during training. 

 

These studies all investigated the isometric mid-thigh pull, a movement which as 

discussed lacks the specificity of iso-inertial movements such as the jump squat and its 

derivatives, and the relationship may be different during a more specific dynamic 

movement. Simple measures such as time to PF have been investigated during jumping 

movements (50, 157) and other research has investigated time to various points on the 

force-time curve relative to PF together with average and peak RFD (32). But the 

significance of these measures is not clear. Tidow (185) and Zatsiorsky and Kraemer 

(203) have introduced a number of alternative means of assessing the force-time curve 

which may warrant further investigation. These measures too have generally been 
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discussed in the context of isometric assessment, so their application to iso-inertial 

assessment modalities and adaptation to the power-time curve to provide an additional 

means of assessing muscle function warrants investigation. 

 

Zatsiorsky and Kraemer (203) discuss a number of RFD measures each of which 

analyses  the force-time curve in a slightly different manner. The index of explosive 

strength is calculated by dividing the PF by the time to PF and the reactivity coefficient 

is calculated by dividing the time to PF by the time to PF multiplied by the athlete’s 

weight. Zatsiorsky and Kraemer (203) stated that the reactivity coefficient was highly 

correlated to jumping performance but do not present data to support this contention. 

Two further measures discussed are the start gradient and acceleration gradient. The 

start gradient is calculated by dividing 50% of PF by the time to achieve 50% PF and 

thus represents the RFD early in the movement. The acceleration gradient is calculated 

by dividing 50% of PF by time to PF minus time to 50% of PF and thus is a measure of 

force in the later stages of a movement. However, these measures are not widely 

reported in the literature focusing on lower body resistance training and therefore their 

application in athletic assessment and training is unclear.  

 

One study that has investigated these measures is that of Cronin and colleagues (54). 

This study investigated all four variables during a ballistic supine squat and calculated 

correlations between them and traditional measures of PF and PF, and PP and MP. The 

index of explosive strength had high to very high correlations (r = 0.74 – 0.86) with all 

four traditional measures, as did the starting gradient (r = 0.62 – 0.74). The reactivity 

coefficient and acceleration gradient had correlations ranging from moderate to high 

with traditional measures (r = 0.43 – 0.61). This study also investigated the relationship 

between Zatsiorsky and Kraemers RFD measures and performance of the sports specific 

activity of lunging. All four measures had high correlations (r = 0.59 - 0.69) with lunge 

performance. 

 

The work of Tidow (185) also discussed some force-time variables which the author 

postulated are of significance to athletic performance. This work based analysis of the 

force-time curve on the available time for force production in athletics events, the 80-

100 ms support phase in sprints and the 120-240 ms take-off phase in jumps. Tidow 

(185) argued that in explosive events, it was the ability to develop force rapidly rather 
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than achieve high maximum forces which was key to defining performance in these and 

similar athletic tasks. Force-time measures purported to be of importance included 

speed strength which was calculated using the identical formulae to that described by 

Zatsiorsky and Karemer (203) for the index of explosive strength (PF divided by time to 

PF, explosive strength (peak RFD) and starting strength (force at 30 ms). The force or 

impulse at 100 ms was also discussed due to the importance of this time epoch in 

sprinting.  

 

However, like the measures of Zatsiorsky and Kraemer, the measures discussed by 

Tidow have received relatively limited attention in the strength and conditioning 

literature. Research has investigated some of the variables discussed by Tidow. Wilson 

and co-workers (195) investigated a number of these RFD measures during isometric 

contractions and concentric only and countermovement jumps. This study reported that 

maximum isometric RFD (explosive strength) had only small to moderate correlations 

to the same variable measured in concentric only (r = -0.11 – 0.57) and 

countermovement (r = 0.33 – 0.36) jump squats. Additionally, no isometric force-time 

measures showed significant correlations with functional dynamic performance. This 

research will be discussed in more detail in ensuing sections, but the findings oppose 

some of the assertions made by Tidow regarding assessment during jumping tasks.   

 

Schmidtbleicher (171) used similar terminology in discussing temporal aspects of the 

force-time curve during various isometric and iso-inertial tasks.  Absolute strength was 

defined as the maximal force that can be produced independent of body weight, and 

starting strength was defined as the ability to produce the greatest possible force in the 

shortest possible time period (maximum impulse). Schmidtbleicher (171),  like Tidow 

and Zatsiorsky and Kraemer used the term explosive strength to define the capacity to 

achieve maximal increase in force per unit of time, or maximum RFD. Thus it seems 

that temporal aspects of force production have been of interest in sports science and 

applied strength training research. However, it is not clear which parts of the force-time 

curve and which variables are of the most importance to athletic performance and which 

can be successfully applied to assessment procedures during iso-inertial movements 

such as the jump squat? 
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Mechanical power has also been widely assessed during jump squat movements. 

Jumping assessments do not directly measure the power output of muscle which is a 

product of the joint angular velocity and the net muscle moment (199). Rather, power in 

the context of jump squat assessment, refers to external power flow resulting from the 

extension of the ankle, knee and hip joints (118). Jumps are a popular mode of assessing 

power amongst coaches and scientists due to their ability to assess power capabilities of 

the lower limb in a movement that is functionally similar to many sporting activities. 

That is, the muscular power of the ankle, knee, hip and trunk combine to produce the 

external power flow measured by the apparatus. This is obviously intuitively appealing 

as it offers a level of sports specificity in assessment.  

 

As with force and velocity, it is PP (highest point on the power-time curve) and MP 

(mean of all values on the power-time curve) values (15, 37, 38, 41, 107, 112, 175), 

which have been popularised in the sports science literature when investigating lower 

body performance. However as with force output, there has been limited attention paid 

to alternative analysis of the power-time curve during the jump squat. Jidovsteff and co-

workers (112) investigated time to PP during a concentric only jump squat at various 

loads. More recently, Hori and colleagues (108) calculated the same value during a 

countermovement jump with power values being derived from ground reaction forces. 

This study also investigated average RPD, calculated by dividing PP by time to PP for 

the concentric phase of the jump. Other than this research the “explosive” power 

qualities of muscle have not been widely researched so our understanding of the 

reliability and practical application of such measures is rudimentary at best. 

 

2.2.5 Reliability of Jump Squat Measures and Methods 
Reliability can be defined as the repeatability or reproducibility of a measure (100). 

Considerable debate exists in the sports science and sports medicine literature as to the 

best method of quantifying the reliability of a measure (3, 18). To assess training 

induced changes in performance, a measure must possess good absolute consistency. In 

assessing absolute consistency, the sources of variance in a measure can be separated 

using documented statistical analysis (145, 166). However, the between day reliability 

which combines biological and technical error is generally the most common form of 

analysis of absolute reliability in sports and exercise science (5, 100).  To this end, 

Hopkins (100) has outlined a detailed argument for the use of the typical error (TE) 
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expressed as a coefficient of variation (CV) to assess absolute consistency in measures 

used in sports science. The argument for the use of this statistic includes that it is 

dimensionless (allowing for comparisons between measures), easily interpreted by 

scientists and practitioners alike, and the TE is easily converted to a variance for further 

statistical analysis.  

 

For other assessment tasks where an individual is assessed relative to a group, such as 

talent identification or identifying the most important physical qualities to a given 

athletic endeavour, a measure must have good relative consistency (22). This type of 

reliability can be assessed using the intra-class correlation coefficient [ICC] (5, 100). 

There are a number of types of ICCs, which can be used depending on the nature of the 

data. A detailed discussion of these ICCs is beyond the scope of this review and the 

reader is referred to the discussion of Weir (190) for a detailed analysis of these 

methodologies.  For a practitioner assessing changes in power performance during or 

following the implementation of a training program, relative reliability is less important 

as it does not detail the within subject variation in the test or measure being used. 

 

Studies investigating test-retest reliability of force and velocity qualities during the 

squat and jump squat can be observed from Table 2.1. Research has indicated that both 

relative consistency (ICC =0.58-0.99) and absolute consistency (CV = 1.9 – 9.0%) of 

PF values has been shown to be good. The lowest values for both relative consistency 

(ICC = 0.58) and absolute consistency (CV = 25.5%) have been reported by Hori and 

colleagues (107) and Wilson and colleagues (195) respectively. The low values reported 

by Hori et al. were for PF derived from displacement time data, and the low reliability 

was attributed to the magnification of small errors during the double differentiation of 

data to calculate force. However, other studies (32, 50) have reported much higher 

relative and absolute consistency for PF data derived from displacement-time data, and 

reliability in these studies was comparable to the direct measurement of ground reaction 

forces. One other possible reason for the lower values reported by Hori and colleagues 

and by Wilson and co-workers is that only two trials were collected on each occasion.  

 

Therefore, it seems the number of trials performed during jumps squat testing and the 

trials selected for analysis may affect the reliability of kinematic and kinetic data. 

Hopkins and co-workers (104) have suggested that when measuring power values there 
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is greater variation between the first two trials collected than between subsequent trials, 

and accordingly at least three trials should be collected on each testing occasion and the 

first trial excluded from analysis. Hopkins et al. (104) in their review of reliability 

studies in power assessment, reported on average a CV of 1.3% between trials one and 

two, but only 0.2% CV between trials two and three. Thus, it may be preferable to use 

the average of trials two and three or the best of trials two and three in research and 

practise. Hopkins and colleagues (104) in the same review also showed, although the 

between day CV in power tests is lowest at 2.5 days, there is no real time effect in 

between day reliability in power tests. However the authors note that a reduction in 

reliability may be expected as duration between test days increases due to greater 

likelihood of individual change in physical status. 

 

In terms of force-time characteristics (Table 2.1), the reliability of a number of variables 

has been investigated during the jump squat. Wilson and colleagues (195) reported low 

relative reliability for a number of force-time measures during rebound and concentric 

only jump squats. However, reliability for most of these measures was comparable to 

that generated during isometric assessment (CV = 5.0 – 65.6%) which is regarded as the 

most reliable method of assessing force (2).  Cronin and colleagues (50) reported that 

neither relative or absolute consistency of time to PF derived from displacement data 

differed greatly from ground reaction force data. Chiu and colleagues (32) investigated 

a number of different force-time variables, during both rebound and concentric only 

jump squats at a variety of loads. They found that the reliability of force time measures 

for the early part of a rebound jump squat (time to 20%, 40% and 60% PF) was less 

than other temporal variables, and did not achieve the specified reliability criteria. This 

research also showed that as load increased reliability of temporal variables tended to 

decrease. There were no significant differences noted between values generated from 

force plate and linear position transducer data.  

 

Test-retest reliability values reported for power measures during the squat and jump 

squat can be observed from Table 2.2. Peak power values generally showed high 

absolute and relative consistency. Intraclass correlation coefficients for PP ranged from 

0.70 to 0.96, with the lowest value being reported during a 40 kg rebound jump squat in 

the study of Hori and colleagues (107). As discussed previously with regards to force 

values generated in this study, the lower reliability reported in this study may be related 
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to the decision only to collect two trials on each testing occasion. However, the same 

researchers reported an ICC of 0.97 when ground reaction force was used to calculate 

PP from integrated data. This suggests that it may be that the direct measurement of 

ground reaction forces is the most reliable means of measuring PP during a jump squat. 

However, other studies have shown that displacement data can provide a reliable 

measure of PP (3, 112). Thus the relative consistency of methods of collecting PP has 

shown considerable variation between studies. 

 

In terms of absolute consistency, the highest CV value (CV = 11.1%) and thus the 

poorest absolute reliability, was also reported for PP derived from displacement data in 

the study of Hori and colleagues (107). However, Jidovtseff and co-workers (112) 

showed that relative consistency can be improved (CV = 4.7-7.6%) if the methodology 

is adjusted. In the latter study, a concentric only rather than a rebound technique was 

employed which has been shown to improve consistency of force calculation from 

displacement data (32). Additionally, Jidovtseff and colleagues used a Smith press to 

control for horizontal displacement of the bar during the movement, and used an 

accelerometer in combination with a linear position transducer. This meant that force 

could be calculated by multiplying acceleration data by mass, rather than differentiating 

displacement-time data twice. This may have limited the magnification of errors 

implicit in the double differentiation process required when using displacement data 

only. However, this methodology does have shortcomings for the practitioner. As 

discussed, most athletic activities include a SSC and few are restricted to a linear 

movement (which occurs in a Smith press). Therefore, in improving reliability, 

specificity was reduced. From a practical perspective, the ideal scenario requires 

improved reliability without removing the sports specific aspects of the movement. 
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Table 5.4:  Test re-test reliability values for three methods of measuring time limited 
(100 ms) power-time measures 

 Mean Day 1 Mean Day 2 ICC Change in 
mean (%) 

TE as a 
CV (%) 

  
Force Plate 
RPD-100 ms (W/s) 6,350 ± 4,851 6,093 ± 3,813 0.86 -0.18 40.4 
CO RPD-100 ms 
(W/s) 

12,910 ± 
5,559 

11,906 ± 
5,895 

0.87 -17.9 53.4 

CO P-100 ms (W) 1,384 ± 555 1,252 ± 603 0.84 -8.22 21.7 
      
Linear Position Transducer 
RPD-100 (W/s) 10,740 ± 

6,199 
10,400 ± 

6,624 
0.77 -5.98 45.5 

CO RPD-100 (W/s) 23,520 ± 
8,128 

22,942 ± 
7,964 

0.93 -3.41 13.9 

CO P-100 ms (W) 2,312 ± 795 2,236 ± 865 0.86 -6.28 25.2 
  
Combined 
RPD-100 (W/s) 8,717 ± 5,635 8,354 ± 5,535 0.87 -7.35 44.0 
CO RPD-100 (W/s) 20,827 ± 

6,283 
20,114 ± 

6,900  
0.90 -5.27 16.2 

CO P-100 ms (W) 2,234  ± 633 2,129 ± 700 0.85 -6.4 17.9 
ICC = Intraclass Correlation Coefficient, CV = Coefficient of Variation, TE = Typical 
Error, RPD = Rate of Power Development, CO = Concentric Only 
 

 

 
Table 5.5: Pearsons correlation coefficient comparing power-time measures which 
achieved minimum reliability criteria between methods 

 Force Plate - 
Linear Position 

Transducer 

Force Plate - 
Combined 

Combined - Linear 
Position 

Transducer 
TTPV 0.92# 0.94# 0.95# 
TTPP 0.92# 0.94# 0.95# 
IEP - 0.94# - 
P-RC 0.93# 0.96# 0.97# 
P-A-Grad - 0.75* - 
CO RPD-100 ms - - 0.99# 
TTPV = Time to Peak Velocity, TTPP = Time to Peak Power, IEP = Index of Explosive 
Power, P-RC = Power Reactivity Coefficient, P-A-Grad = Power Acceleration Gradient, 
RPD = Rate of Power Development, CO = Concentric Only 
*Very High Correlation, #Practically Perfect Correlation 
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5.6 CONCLUSIONS 

A number of the measures investigated in this study have sufficient relative consistency 

for applications such as talent identification, identifying deficiencies in muscular 

function and quantifying the relevance of a given power quality to a particular sporting 

endeavour, where the rank order of the population is of interest. These measures include 

PP and PV (with all methods), plus time to PP and velocity, RPD calculated using a 

moving average, and a number of Zatsiorsky and Kraemers’ force-time values applied 

to the power-time curve, with selected technologies. For monitoring individual 

performance in order to assess the effectiveness of training interventions the practitioner 

has fewer options. PP and PV with all measurement methods, time to PP and velocity 

with the force plate and combined methods, and RPD calculated with a moving average 

with the combined method, were the only variables to have absolute consistency which 

would make their use in this application viable. In general the force plate and combined 

methods were most stable and offer the greatest precision of measurement in practice. 

Finally, although the three methods of measuring PP and power-time variables 

investigated in this study are strongly correlated in this population, the practitioner 

needs to be mindful of the differences in the biomechanical basis of the three methods 

of collection and analysis of data. Accordingly, in a practical situation, although each 

methodology could be used, comparison between data calculated using the different 

methods should be avoided. 
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6.1 PRELUDE 
The monitoring of strength and power is a part of most physical preparation programs 

for the population being investigated in this thesis, elite and elite junior rugby union 

players. In Chapters 4 and 5 a selection of force and power measures were investigated 

to ascertain their reliability. A number were found to have sufficient absolute and or 

relative consistency to be utilised in athletic assessment. In order to further understand 

the practical value of those measures found to be reliable, the relative importance of 

these measures to sports specific tasks and to athletic success needed to be ascertained. 

Therefore, this study investigated the relationship of the most reliable measures from 

Chapters 4 and 5 to sports specific performance and playing level in rugby union 

players. 

 

6.2 INTRODUCTION 
The preparation of athletes in collision sports such as rugby union, rugby league and 

American football traditionally involves a large strength and power training component. 

Effective prescription of resistance training programs for athletic performance in these 

sports therefore relies heavily upon accurate assessment of strength and power qualities.  

This assessment process has recently been termed strength diagnosis (153). The 

assessment of strength and power, or strength diagnosis,  quantifies the importance of a 

given strength quality to an athletic activity, identifies deficiencies in muscular function, 

monitors training interventions and aids in the identification of individual talent in a 

given athletic endeavour (2).  

 

Currently the most common method of assessment of closed chain, multi-joint lower 

limb strength and power uses iso-inertial dynamometry (107, 149, 150), although the 

use of both isometric (195) and iso-kinetic (197) dynamometry are also documented. In 

spite of the current popularity of iso-inertial dynamometry, the best measures for 

assessing force, velocity and power qualities of performance during iso-inertial lower 

body movements remain unclear. Measures commonly used include PF and MF (32, 50, 

202), PV (107, 112) and PP and MP (15, 37, 38, 41, 107, 112, 175). Yet the validity of 

some of these measures has been a point of debate in the literature (55, 118). One 
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shortcoming is that they do not consider the temporal aspects of force measurement 

such as RFD.  

 

Temporal measures are thought to be important to muscular performance for a number 

of explosive activities. A number of temporal measures of force have been discussed in 

the literature yet their ability to differentiate performance levels and track training-

induced changes has not been well documented. For example, Tidow (185) suggested 

that starting strength (force or impulse produced at 30 ms), explosive strength (steepest 

point on the force-time curve or maximum RFD), and force or impulse at 100ms were 

crucial to performance in explosive tasks. However, the rationale for the selection of 

these qualities is not clear.  The selection of starting strength as a crucial strength 

quality seems to be arbitrary (185). Likewise many of the RFD measures discussed by 

Zatsiorsky and Kraemer (203) [index of explosive strength, reactivity coefficient, 

starting gradient, and acceleration gradient] have received limited attention in the 

literature when measured using iso-inertial dynamometry, and their application to 

strength and conditioning practice has not been discussed in the literature in any great 

depth.  Finally RPD measures have received some limited research attention of late (39, 

108), but their reliability and validity, and thus their application for the strength and 

conditioning professional requires further research. 

 

Previous research has attempted to establish the discriminative ability of a number of 

tests of muscular function by differentiating between performance levels in a nominated 

functional task (13, 52, 61, 90, 106). For example, numerous studies have investigated 

the ability of force and power values during jumping movements to differentiate 

sprinting performance over a variety of distances (13, 52, 92, 106). Yet very few studies 

have addressed the relationship between temporal aspects of force and power and 

sprinting performance or addressed the ability of these temporal measures to 

differentiate between performance levels. Young and colleagues (202) investigated 

relationships between a number of force and force-time variables during jumps with and 

without a countermovement, and speed over 2.5 and 10 metres in male and female track 

and field athletes. They found that PF, MP and force at 100 ms all expressed relative to 

bodyweight (where the absolute force or power value is divided by the body weight of 

the athlete) were significantly correlated (r = -0.73 to -0.86) with 2.5 m speed (from a 

block start). Force at 100 ms and MP output (both relative to body weight) were also 
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significantly correlated (r = - 0.80 and -0.79 respectively) with 10 m performance. 

Wilson and colleagues (195) also investigated relationships between sprint ability in 

athletes from a variety of team and individual sports, and temporal aspects of force 

production, in both concentric only and countermovement jumps, and isometric 

contractions. In this study the only variable to correlate significantly with sprint 

performance (30 m) was force at 30 ms in a concentric only jump squat (r = -0.616). 

Unfortunately, both these studies were conducted with relatively small subject 

populations (15-20 subjects), and the reliability of many of the measures discussed were 

either below what would be deemed acceptable or not stated. Additionally, neither study 

addressed RPD measures, which also warrant investigation. 

 

The ability of tests of strength and power to discriminate between performance levels in 

specific sports has also interested strength and conditioning researchers (8, 10, 19, 174). 

For example, Baker (12) found that PP in a jump squat with an external load of 20 kg 

was significantly greater in professional rugby league players than other playing levels. 

Sheppard and  co-workers (174) reported that PP and relative PP were significantly 

different between senior elite and elite junior volleyball players. However, there 

remains little information about the efficacy of iso-inertial force-time and power-time 

values in differentiating performance levels of athletes. 

 

The best mode of muscular assessment in collision sports, such as rugby union, which 

require a combination of both speed and strength, is not well documented. The purpose 

of this study was to investigate the discriminative ability of force-time and power-time 

measures, specifically investigating their ability to differentiate speed performance and 

competition level in elite and elite junior rugby union players. This will help identify the 

force and power measures which are determinants of speed (as a key aspect of 

performance in many collision sports) and playing level, in this population. These 

measures are likely to be the most appropriate for assessment of force and power 

capabilities in collision sports as well as key foci in programming for performance 

enhancement.   
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6.3 METHODS 

6.3.1 Experimental Approach to the Problem 

Forty full-time rugby union players from a professional club performed three jump 

squats with an external load of 40 kg on a portable force plate and three maximal sprints 

over thirty metres. Force-time and power-time curves from the jump squats were 

analysed for a number of temporal variables and sprint times were recorded from a 

standing start over 5 m, 10 m and 30 m. Subsequently, the group’s force-time and 

power-time variables were analysed in two ways to ascertain the ability of these 

variables to differentiate performance level in the group. Firstly, subjects were ranked 

from one to forty in speed performance for each of the three sprint distances 

investigated. An independent sample t-test was then used to investigate if there were 

significant differences between the fastest 20 and slowest 20 players over each distance 

in jump squat force-time and power-time variables. Secondly, the group was divided 

based on their playing levels using methods similar to those reported by Baker (19). 

This involved the players being classed as elite or elite junior based on their playing 

level. Those who played in the first team (Aviva Premiership squad) were categorised as 

elite, and those in the academy squad yet to play first team rugby were categorised as 

elite junior. An independent sample t-test was used to investigate if there were 

significant differences between the two playing levels in jump squat force-time and 

power-time performance and speed performance. 

 

6.3.2 Subjects 

Forty male elite and elite junior rugby union players, between 18 and 34 years of age, 

volunteered to participate in this study. Mean age, height and body mass for the elite 

group and the elite junior group together with pooled data for all subjects can be 

observed from Table 6.1. All elite subjects had a strength training background of greater 

than five years and thus are described as highly trained using the definitions of Rhea 

(164). All elite junior subjects had a strength training history of between two and five 

years and thus can be described as recreationally trained using the aforementioned 

definition system. Testing was conducted as part of the subjects’ pre-season strength 

and conditioning program. All subjects were informed of risks and benefits of 
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participation in the research and signed informed consent forms. Procedures were 

approved by the institutional Human Research Ethics Committee. 

 

Table 6.1: Mean (± SD) age, height and weight for elite, elite junior and all subjects 
 Age (years) Height (m) Weight (kg) 

Elite (n = 25) 26.2 ± 4.5 1.8 ± 0.1 99.7 ± 12.4 
Elite Junior (n = 15) 19.3 ± 1.4 1.8 ± 0.1 93.8 ± 10.7 
All Subjects (n = 40) 23.7 ± 5.0 1.8 ± 0.1 97.5 ± 12.0 
 

6.3.3 Procedures 

Subjects attended two testing sessions 48 hours apart. Both sessions were performed at 

the same time of day and were the first exercise bout of the day. No high exertion 

training was performed between sessions, but some low intensity rugby skills training 

was undertaken by all subjects.  

6.3.3.1 Sprint Testing  
On day one of testing subjects performed a standardised warm up consisting of sprint 

technique drills, dynamic stretching and sub-maximal sprints which lasted 

approximately 20 minutes. They then performed three maximal sprints over 30 m. 

Sprint times over 5 m, 10 m and 30 m were measured using electronic timing gates 

(Smart Speed, Fusion Sport, Queensland, Australia).  These sprint distances were 

chosen as they are common in rugby union (64).  The Smart Speed timing light system 

is a double beam modulated visible red-light system with polarising filters and consists 

of four sets of gates.  Athletes started in a two point crouched position with the left toe 

30 cm back from the starting line and the right toe approximately in line with the heel of 

the left foot. Sprints were visually assessed by a strength and conditioning coach to 

ensure subjects did not “rock back” prior to the sprint start. In the case of a rock back 

being observed, the repetition was repeated. All sprints were performed on an indoor 

rubber based artificial training surface and all subjects wore rubber-soled track shoes. 

Approximately four minutes rest was allowed between sprints. The two best times for 

each distance were averaged and used for analysis.   

6.3.3.2 Jump Squat Testing  
In session two, following a standardised warm-up, each subject performed three single 

repetition jump squats with 20 seconds rest between repetitions at an external load of 40 

kg using a methodology similar to that described by Hori and colleagues (107). This 
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involved the subjects standing at a self-selected foot width with an Olympic bar placed 

on their upper trapezius immediately below C7. The subject then performed a 

countermovement to a self-selected depth and immediately preformed a maximal jump. 

Subjects were instructed to keep the depth of countermovement consistent between 

jumps and “jump for maximum height” on each repetition. All subjects were familiar 

with the jump squat movement as they previously performed it as part of both training 

and testing programs. All jumps were performed on a portable force plate (Accupower, 

AMTI, Watertown, MA). Ground reaction force data were sampled at 500 Hz via an 

analogue to digital converter (16-Bit, 250 kS/s National Instruments,  Austin, TX.) and 

collected by a laptop computer using custom built data acquisition and analysis software 

(Labview 8.2,  National Instruments,  Austin, TX.).  

6.3.3.3 Force-time Analysis 
From the resultant vertical ground reaction force data, PF and time to PF were 

determined. Subsequently a number of force-time variables were calculated with 

analysis commencing at the lowest point on the force-time curve encompassing the 

latter portion of the eccentric phase and the concentric phase of the movement (32). PF 

and time to PF were used to calculate the reactivity coefficient using the formulae of 

Zatsiorsky and Kraemer (203) (PF / (time to PF x Body Mass)). A moving average was 

also used to find the greatest RFD within a 50 ms interval. This moving average RFD 

was conducted over a window length of 50 ms from the start point of analysis until 

attainment of PF.  

 

Impulse was calculated over 30 ms, 100 ms and 200 ms time intervals  and absolute 

force at 30 ms, 100 ms and 200 ms from the lowest point on the force curve (eccentric-

concentric - EC). Additionally, impulse and absolute force variables for the concentric 

phase were also calculated. The concentric phase was defined as starting at the lowest 

point on the displacement-time curve (32). Both impulse and absolute force were 

calculated over 30 ms and 100 ms from the start of the concentric phase. All force 

variables were expressed as absolute values and relative to body weight as both 

approaches have been used previously in the literature (195, 202). All force-time 

variables had either an ICC of greater than 0.85 and/or a CV of less than 10%. 
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6.3.3.4 Power-time Analysis 
Power-time data were calculated from ground reaction force data using the impulse-

momentum (forwards dynamics)  approach to calculate the system power as outlined 

previously in the literature (38, 62). As the initial velocity of the system was zero, at 

each time point throughout the jump, vertical ground reaction force was divided by the 

mass of the system to calculate acceleration of the system. Acceleration due to gravity 

was then subtracted so that only the acceleration generated by the subject was 

multiplied by time data to calculate instantaneous velocity of the systems centre of 

mass. The resultant velocity data were then multiplied by the original ground reaction 

force data to calculate power. 

 

From the integrated power and velocity data PP, PV, time to PP and time to PV were 

determined. Additionally, two RPD measures were calculated. The calculations were 

initiated at minimum power encompassing the latter portion of the eccentric phase and 

the concentric phase of the jump. The first variable calculated was RPD using a moving 

average, which was calculated over a window length of 50 ms from the start point of 

analysis until PP. The second variable was the reactivity coefficient described by 

Zatsiorsky and Kraemer (203) for the force-time curve, applied to the power-time curve 

(power reactivity coefficient = PP / (time to PP x body mass)). As with the force-time 

variables, all power variables were expressed as absolute values and relative to body 

weight as both approaches have been used previously in the literature (106). All power-

time variables had either an ICC of greater than 0.85 and/or a CV of less than 10%. 

 

6.3.4 Statistical Analyses 

All statistical analyses for force and power variables were performed on the mean of 

trials two and three with the first trial excluded from analysis (104). Statistical analyses 

of speed times were performed on the mean of the two fastest trials. Means and standard 

deviations were used as measures of centrality and spread of data. The data obtained 

were analysed using SPSS statistical software (SPSS 15, Chicago, Ill.). In the first 

instance, all subjects were ranked from one to 40 based on the average of their two best 

sprint times for each distance. An independent sample t-test was then used to ascertain 

significant differences between groups for force and power variables of interest at each 
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distance. Additionally, independent sample t-tests were conducted between the elite 

group (n = 25) and the elite junior group (n = 15), also to ascertain whether these groups 

differed significantly in the force and power variables of interest. An alpha level of 0.05 

was used for all statistical comparisons. 

 

6.4 RESULTS 

Mean sprint times over the three distances (5 m, 10 m, and 30 m) for the fast and slow 

groups can be observed from Table 6.2. The difference between the two groups was 

significant at all distances (8.2%, 8.2% and 8.0% for 5 m, 10 m and 30 m respectively). 

Mean values for force variables for the fast and slow groups over each distance can be 

observed from Table 6.3. The only force-time variable to show a significant difference 

between the fast and slow groups was eccentric-concentric impulse at 200 ms where the 

fast group at 10 m was significantly lower (9.1%) than the slow group at 10 m. Mean 

values for power variables for the fast and slow groups can be observed from Table 6.4. 

Relative PP was significantly greater in the 10 m fast group and the 30 m fast group 

(10.8% and 13.9%, respectively). Additionally PV and relative moving average RPD 

were significantly greater (7.4% and 24.4%, respectively) in the 30 m fast group.  

 

 

 
Table 6.2: Mean (±SD) sprint times for fastest and slowest subjects over 5 m, 10 m and 
30 m. 

 Fastest 20 (Mean ± 
SD) 

Slowest 20 (Mean ± 
SD) 

p-value 

5 m (s) 1.10 ± 0.03 1.19 ± 0.05 0.00 
10 m (s) 1.83 ± 0.05 1.98 ± 0.07 0.00 
30 m (s) 4.23 ± 0.02 4.57 ± 0.04 0.00 
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Mean sprint times over the three distances (5 m, 10 m, and 30 m) for the elite and elite 

junior groups can be observed from Table 6.5. There were no significant differences 

between the two groups at any of the three distances. Mean values for force variables 

for the elite and elite junior groups can be observed from Table 6.6. In terms of absolute 

values, PF, moving average RFD, eccentric-concentric force at 100 ms and eccentric-

concentric force at 200 ms were all significantly greater (% difference = 10.3% to 

37.4%) in the elite group compared to the elite junior group. In terms of relative values, 

moving average RFD, eccentric-concentric force at 30 ms and eccentric-concentric 

force at 200 ms were all significantly different between the two groups. Relative 

moving average RFD and force at 200 ms were significantly greater in the elite group 

(34.5% and 19.0%, respectively) compared to the elite junior group. Conversely, 

relative eccentric-concentric force at 30 ms was significantly greater (25.0%) in the elite 

junior group. Mean values for the power variables for the elite and elite junior groups 

can be observed from Table 6.7. PP and moving average RPD were significantly greater 

(12.6% and 21.2%, respectively) in the elite group when compared to the elite junior 

group. 

 
 
 
Table 6.5: Mean (±SD) sprint times for elite and elite junior subjects over 5 m, 10 m 
and 30 m. 

 Elite (Mean ± SD) Elite Junior (Mean ± 
SD) 

p-value 

5 m (s) 1.15 ± 0.07 1.12 ± 0.04 0.19 
10 m (s) 1.91 ± 0.10 1.87 ± 0.08 0.15 
30 m (s) 4.40 ± 0.25 4.39 ± 0.16 0.91 
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Table 6.6: Mean (±SD) force variables and p-values for elite vs. elite junior players. 
 Elite Elite Junior p-value 
PF (N.kg) 2704 ± 196 2425 ± 176 0.00* 
Rel PF (N.kg) 27.4 ± 2.7 26.0  ± 2.3 0.12 
    
EC TTPF (ms) 617 ± 216 720± 261 0.19 
EC RFD-MA (N.s) 10,567 ± 5,199 6,612 ± 1,783 0.01* 
Rel EC RFD-MA (N.s.kg) 109 ± 57.6 71.3 ± 20.4 0.02* 
EC RC (N.s.kg) 26.1 ± 12.4 19.6 ± 9.2 0.08 
    
EC-FA30 ms (N) 683 ± 269 792 ± 187 0.17 
Rel EC-FA30 ms (N.kg) 6.8 ± 2.4 8.5 ± 1.8 0.03* 
EC-FA100 ms (N) 1,117 ± 216 979± 116 0.03* 
Rel EC-FA100 ms (N.kg) 11.3 ± 2.3 10.5 ± 1.1 0.22 
EC-FA200 ms (N) 1,806 ± 339 1,385 ± 196 0.00* 
Rel EC-FA200 ms (N.kg) 18.4 ± 4.3 14.9 ± 2.2 0.01* 
CO-FA30 ms (N) 2,124 ± 336 1,961 ± 339 0.15 
Rel CO-FA30 ms (N.kg) 21.6 ± 4.3 21.1 ± 3.8 0.69 
CO-FA100 ms (N) 2254 ± 354 2, 139 ± 369 0.33 
Rel CO-FA100 ms (N.kg) 23.0 ± 4.6 23.0 ± 4.4 0.97 
    
EC-I30 ms (Ns) 19.8 ± 9.1 24.0 ± 6.3 0.12 
EC-I100 ms (Ns) 82.2 ± 21.4 85.8 ± 16.4 0.58 
EC-I200 ms (Ns) 231 ± 29.4 205 ± 21.7 0.01* 
CO-I30 ms (Ns) 66.0 ± 10.3 60.2 ± 10.2 0.09 
CO-I100 ms (Ns) 220 ± 34.7 205 ± 34.7 0.19 

Rel = Relative to body weight, EC = Eccentric-Concentric, CO = Concentric Only, PF = 
Peak Force, TTPF = Time to Peak Force, RFD-MA= Rate of Force Development 
calculated with a moving average, RC = Reactivity Coefficient, FA = Force at, I = 
Impulse 
*Difference between groups statistically significant p < 0.05 
 



 138

 
Table 6.7: Mean (±SD) power and velocity variables and p-values for elite vs elite 
junior subjects 

 

Rel = Relative to body weight, EC = Eccentric-Concentric, PP = Peak Power, PV = 
Peak Velocity, TTPP =Time to Peak Power, TTPV = Time to Peak Velocity, RPD-MA 
= Rate of Power Development calculated with a moving average, RC = Reactivity 
Coefficient 
*Difference between groups statistically significant p < 0.05 
 

6.5 DISCUSSION 

This study aimed to establish the discriminative ability of force and power values 

calculated from the force-time and power-time curve of a loaded rebound jump squat.  

Specifically we investigated two qualities; the ability of these values to differentiate 

between the fastest and slowest sprinters in the population of elite rugby union players, 

and, secondly, the differences in force-time and power-time parameters between elite 

and elite junior players. Both absolute and relative force values and absolute power 

values differentiated playing levels, whereas only power values expressed relative to 

body weight were able to differentiate speed performance. These are novel findings 

which have not been published previously with these measures in this population. 

 

Our results do not suggest that any force variables expressed as a relative or absolute 

value are able to differentiate speed performance over any of the distances investigated. 

These findings are similar to other studies which have shown that force variables in a 

rebound jump squat are not strongly related to speed performance over 30 metres in 

team sport athletes (92, 195).  The only force variable to be significantly different 

between the fastest and slowest group in the current study was impulse at 200 ms, 

which was significantly greater in the slow group. Although not statistically significant, 

a number of force variables were greater in the slow group. These results are likely to be 

a reflection of the weight of the players in the two groups with heavier players typically 

 Elite Elite Junior p-value 
PP (W) 4,254 ± 549 3716 ± 534 0.00* 
Rel PP (W.kg) 43.2 ± 7.3 40.0 ± 6.6 0.17 
PV (m/s) 1.7 ± 0.2 1.6 ± 0.2 0.14 
    
EC TTPP (ms) 510 ± 176 587 ± 210 0.23 
EC TTPV (ms) 541 ± 174 616 ± 209 0.22 
    
EC RPD-MA (W.s) 19,283 ± 5,212 15,190 ± 4135 0.01* 
Rel EC RPD-MA (W.s.kg) 109 ± 57.6 71.3 ± 20.4 0.11 
EC RC (W.s.kg) 199 ± 67.8 165 ± 52.6 0.12 
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being slower, but due to their greater mass being able to generate greater absolute force 

values. A clear strong correlation (r = 0.64) has previously been reported between 30 m 

and 40 m sprint times and body weight in a population of professional rugby union and 

rugby league players (92) with faster players typically weighing less. This finding may 

be a reflection of the body composition of larger players who may carry greater fat 

mass, although this was not quantified in the study of Harris and colleagues (92) or in 

the current study. 

 

The fact that RFD values, even when expressed relative to body weight, were not 

significantly greater in  fast athletes when compared to slow athletes over all sprint 

distances contradict the suggestions of Tidow (185) who postulated that these physical 

qualities are crucial to athletic performance. This may be related to the biomechanical 

differences between the jump squat and sprinting, particularly in the acceleration phase 

of the sprint. The literature suggests that a good sprinter is capable of directing ground 

reaction forces as horizontally as possible (144) in the acceleration phase of the sprint, 

whereas a rebound jump squat requires that the athlete direct ground reaction  forces 

vertically. Thus where sprinting is dependent on horizontal impulse, jumping patterns 

are dependant on vertical impulses.  

 

Peak power and moving average RPD when expressed relative to body weight and PV 

were all significantly greater in faster athletes when compared to slower athletes over 30 

m. Additionally, PP relative to body weight was significantly greater over 10 m in the 

fast group.  These findings are consistent with previous studies which have reported 

significant relationships between PP relative to body weight in loaded jump squats and 

speed performance over similar distances in team sport athletes (13, 52, 106). The 

finding that the difference in these variables was greatest at 30 m may again be due to 

the movements being functionally more similar over the longer distance (10 m -30 m). 

That is, as the sprint progresses the vertical braking forces during the stance phase 

increase (144), and thus the contribution of the SSC to sprint performance increases 

(111). Therefore, common between sprinting (after the initial steps) and a rebound jump 

squat is the ability of the athlete to utilise the SSC. The most notable difference between 

the two movements (sprinting and jumping) being that sprinting requires that the 

resultant force and power must be directed horizontally and jumping requires that they 

must be directed vertically. These findings have implications for the strength and 
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conditioning professional in that relative power, RPD and velocity may be better used to 

identify talent and monitor training in explosive sports. This also suggests that in sports 

where running speed is of importance resistance training should be focused on 

generating PV and, PP and RPD relative to body mass in training rather than high 

absolute forces which has been the traditional approach in resistance training for 

explosive sports. 

 

Moving average RPD was the only temporal variable able to differentiate fast athletes 

from slow over any distance.  This variable is calculated by conducting a moving 

average over the power-time curve, and thus represents the peak RPD over this time 

period (50 ms). The fact that faster sprinters generated greater values in moving average 

RPD suggests that unlike force development the ability to generate power rapidly or 

“explosively” during jumping is functionally similar to the ability to generate power and 

velocity explosively when sprinting. However, it is noteworthy that although moving 

average RPD was able to differentiate speed performance over 30 m, PP and PV also 

differentiated speed performance at this distance. Therefore, for the practitioner using 

the jump squat to assess lower body muscular function, the use of PP and PV which are 

simpler to calculate and have greater reliability may be sufficient and the calculation of 

a moving average RPD may not be necessary. Nonetheless, the application of this 

measure to strength and conditioning practice warrants further investigation. 

 

Our results showed no significant difference between elite and elite junior rugby union 

players in terms of speed performance over 5 m, 10 m and 30 m. Previous research by 

Baker and Newton (19) reported similar findings in a population of professional rugby 

league players. Since they are collision sports, it could be argued that momentum is 

crucial to performance in both rugby union and rugby league and thus the ability to 

generate momentum rather than speed will differentiate performance level. Baker and 

Newton in the aforementioned research reported sprint momentum, calculated by 

multiplying body mass by the average sprint velocity over 10 m. In this quality there 

was a significant difference between national level athletes and state level athletes. In 

the current study the elite group was heavier (99.7 ± 12.4 kg) than the elite junior group 

(93.8 ± 10.7 kg) and thus it is likely that their ability to generate momentum would be 

greater.  
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There were however significant differences between elite and elite junior players in 

force and power capabilities. Absolute PF plus a number of temporal force variables 

were found to be significantly greater in elite players. Additionally, absolute PP and 

moving average RPD were significantly greater in the elite group with no significant 

difference found in relative values. With regards to PP, these findings are consistent 

with a number of previous studies, which have reported that lower body PP is 

significantly greater in elite compared to elite junior athletes (12, 19, 174). Although a 

number of force-time values and moving average RPD were significantly different 

between groups, given that PF and PP were also able to differentiate groups, it may be 

that as with speed performance, the use of these traditional variables is sufficient in 

strength and power assessment in rugby union and other similar sports. Temporal 

analysis of the force-time and power-time curves may not be necessary.  

 

Whereas with speed performance only relative values differentiated faster times, 

absolute values differentiated between elite and elite junior rugby players.  This is likely 

to be due principally to the greater mass of the elite group when compared to the elite 

junior group. The current study did not directly quantify lean mass and fat mass in the 

various groups compared. Nonetheless, it may be surmised that the greater body weight 

of the elite group compared to the elite junior group was due to greater lean mass, 

leading to the greater absolute values in the aforementioned measures through an 

increased ability to generate force.  Future research would benefit from quantifying lean 

mass and fat mass and comparing between groups. From a practical perspective it can 

be concluded that, whereas resistance training for an athlete training for speed should be 

focused on developing power relative to body mass, a developing rugby union player 

may be best served to focus on increasing absolute force and power capabilities through 

increasing lean mass and maximum force production (without compromising speed 

performance).  

 

It should be noted that caution is necessary when interpreting these results. In 

comparing strength and power characteristics between Olympic lifters, power lifters and 

sprinters, McBride and colleagues (133) reported that strength and power profiles 

reflected the training approaches of each group. This being the case, the fact that 

absolute force and power values were greater in elite rugby players may simply reflect 

the high training age of these players and the strong influence of high resistance training 
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utilised in rugby union in recent years to increase lean mass and strength in players. 

Should training focus in this population shift to a greater emphasis on velocity and 

relative power in athletic development, the physical attributes differentiating elite from 

elite junior players may also change. 

 

6.6 PRACTICAL APPLICATIONS 

One purpose of strength and conditioning assessment is to determine those predictor 

variables that are fundamental to performance in sport-specific tasks, such as the sprint 

ability of rugby union players.  For the purposes of guiding resistance training 

prescription and assessing athletic development it is important for coaches to identify 

the force and power variables crucial to performance. In the cohort of rugby union 

players investigated in this study, peak velocity and PP and RPD relative to body 

weight, differentiated fast from slow players. These variables therefore can be used by 

the strength and conditioning coach to guide programming and track training adaptation 

during resistance training for speed development. Resistance training programs for 

speed development should be designed to focus on the velocity of movement in 

training. The mass of the player is also a critical consideration given the predictor 

variables were expressed relative to body weight. Decreasing fat mass will increase the 

power to weight ratio. Accordingly the coach needs to consider the ideal anthropometry 

of the player related to their positional requirements.  

 

Another focus of strength and conditioning assessment is to determine the variables that 

distinguish elite from sub-elite athletes.  This is particularly important in talent 

identification and serves to focus training prescription around variables that are thought 

critical to “elite” performance.  For the rugby union players used in this study, a number 

of force and power variables differed significantly between playing levels. These 

included PF, PP, force at 100 ms from minimum force and force and impulse at 200 ms 

from minimum force. The additional 6 kg body mass of the elite players no doubt 

affected the magnitude of many of these variables and the significant differences 

between groups. When testing and training rugby union players it would seem most 

appropriate therefore for the coach to target absolute force and power measures. For the 

purposes of player development and training strategies for rugby union players to 

transition to elite status, adding lean mass is likely to be most beneficial.  However, 
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given the metabolic demands of rugby union it is likely that this strategy of increasing 

lean mass is only appropriate to a certain point which is likely to be position specific. 

The practitioner must also be cognizant that the variables which differentiate 

performance level and sprint ability in rugby union players may vary if different jump 

squat loads are utilized in assessment procedures. 
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7.1 PRELUDE 
Following the identification of key force and power measures indicative of athletic 

success, it is important to identify training interventions, which are able to positively 

change these measures. As there are a wide variety of resistance training interventions 

which are utilised in resistance training prescription to enhance these athletic qualities 

understanding the application of each intervention is crucial. In Chapter 6, it was found 

that measures such as peak power and velocity and RPD expressed relative to body 

weight can differentiate speed performance in elite and elite junior rugby union players, 

and that absolute measures such as PF and PP were able to differentiate between 

performance levels in this population. One resistance training intervention which has 

been suggested as being well suited to the development of such qualities is cluster 

loading. As acute mechanical responses to resistance training interventions are thought 

to be crucial to subsequent strength and power adaptation, in the first instance it is 

important to identify how an intervention such as cluster loading affects the mechanics 

of a training bout. This chapter addresses this question, investigating cluster loading 

during ballistic jump squat training in elite and elite junior rugby union players. 

 

7.2 INTRODUCTION 
Program variation during resistance training can be achieved by manipulating one or 

more of a number of acute program variables which contribute to the volume and 

intensity of a resistance training session and dictate acute mechanical and metabolic 

responses to training (70). These variables include sets, repetitions, load, exercise 

selection and rest periods. One alternative training configuration to traditional resistance 

training for the practitioner is termed cluster or inter-rep rest training. This training 

structure involves the manipulation of work and rest periods, breaking sets into small 

clusters of repetitions, which may alter the training stimulus associated with a given 

resistance training session. It has been suggested as being a means of providing training 

variation, which may be well suited to the development of muscular power (81, 127, 

128).  

 

Mechanical and metabolic stimuli both play a role in the development of strength and 

power. Although the importance of actual muscular fatigue and associated accumulation 
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of metabolites in strength adaptation is unclear (71, 167), it is possible the acute build 

up of metabolites during resistance training is a precursor to endocrine (122, 182) and 

neural (181, 182) responses to training. There is also evidence that mechanical stimuli 

such as total forces (84, 136) and total mechanical work (123, 170) are important in 

strength development. These mechanical and metabolic stimuli may also be of 

importance for high velocity ballistic training for developing muscular power (42, 48). 

However, it is also possible that the velocity and power generated during ballistic power 

training are the more important mechanical stimuli for adaptation (85, 86, 113, 196). 

Indeed, researchers have suggested that ballistic training programs are able to achieve 

comparable or superior training outcomes in terms of power development in short term 

training periods with less total work than high load training schemes (134, 196). For 

example, the research of McBride and colleagues (134) showed improved power and 

velocity adaptation following a training program using ballistic jump squats at 30% of 

1RM compared to 80% of 1RM even though the total work performed over the training 

period was significantly greater in the 80% load group. This research also ensured 

minimal fatigue during training by terminating training sets if a 15% drop in power 

output was observed.  

 

Additionally, there is some evidence that adaptation to ballistic performance may be 

principally mediated by neural mechanisms, with intramuscular (86, 134) and 

intermuscular (158) neural adaptations contributing to performance improvements 

following high velocity training. It is by way of these mechanisms that cluster loading 

may be advantageous during training. Cluster loading configurations break sets into 

small “clusters” or groups of repetitions in an attempt to improve the force, velocity and 

power profile of the training bout. In a recent discussion of cluster training structures 

the authors postulated that this in turn may lead to improved training outcomes, 

particularly in the training of ballistic performance (81). The short rest periods between 

clusters may provide enhanced metabolic recovery between sets, leading to an improved 

kinematic and kinetic profile in the latter repetitions of the set compared to traditional 

loading paradigms. If neural adaptations are important determinants of ballistic 

performance, it is possible that cluster loading may allow improved quality of 

movement during ballistic movements potentially enhancing training outcomes. 
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As with many resistance training configurations, however, there is limited information 

available regarding the kinematic and kinetic profiles of cluster training. Research has 

compared cluster loading patterns to traditional loading schemes during both the clean 

pull (83) and the bench press (59, 127, 128).  Haff and co-workers (83) reported that PV 

during cluster loading (15-30 seconds rest between repetitions) was significantly greater 

than that achieved during traditional continuous loading. This research also showed 

traditional and cluster loading possessed different fatigue-related patterns during the sets 

of five repetitions, with the traditional loading technique resulting in significantly 

greater decreases in velocity for repetitions three, four and five. Similar findings have 

been reported in upper body movements. Lawton and colleagues (128) reported 

significantly greater repetition power outputs during  the bench press using cluster 

loading schemes at a 6RM load compared to a traditional continuous loading scheme. 

Thus it seems that there is evidence that cluster loading may affect the mechanical 

profile of the training set. However, at this stage the information is limited to specific 

movement patterns and loads.  

 

Further investigation is required to establish the effects of cluster loading on the kinetics 

and kinematics of resistance training interventions for the development of explosive 

power. Therefore, the purpose of this study was to investigate the effect of cluster 

loading (repetition work: rest ratios) on force, velocity and power during jump squat 

training. These findings should provide information regarding the acute effect of cluster 

loading on the kinematics and kinetics of this movement pattern, which is commonly 

used for the development of lower limb power in athletes. 

 

7.3 METHODS 

7.3.1 Subjects 

Twenty male, elite and elite junior rugby union players volunteered to participate in this 

study. Subject age, height and weight were 19.7 ± 1.9 yrs, 1.83 ± 0.1 m and 93.9 ± 0.1 

kg, respectively. All subjects were informed of the risks and benefits of participation in 

the research, that they could withdraw at any time, and signed informed consent forms. 

Edith Cowan University’s Human Research Ethics committee approved all procedures. 

 



 148

7.3.2 Design 

In order to investigate the effect of set structure on kinematics and kinetics, a cross over 

design was utilised whereby 20 subjects performed four training sessions within a two 

week period. Each training session consisted of four sets of six repetitions of the jump 

squat at an absolute external load of 40 kg. Each subject performed a training session 

using a traditional set structure and three different cluster configurations in a 

randomised order. A selection of kinematic and kinetic variables was then derived from 

ground reaction force data and differences between training interventions in terms of 

repetition kinematics and kinetics were investigated. 

 
Figure 7.1: Traditional and three cluster loading set structures. 
 

7.3.3 Methodology 

Subjects were required to report for data collection on four occasions at least 72 hours 

apart within a two week period.  Prior to all data collection subjects performed a 

standardised warm-up, which included running activities with incremental increases in 

intensity, dynamic stretching and sub-maximal jumps. Subjects then performed four sets 
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of six jump squats using four different set configurations. Six repetitions was selected as 

training volume as it has been shown that beyond six repetitions, power output in the 

jump squat in similar populations decreases (18). The set configurations can be 

observed from Figure 7.1. All training sessions were equated for volume using the 

volume load method (sets x repetitions x load). The first involved a traditional 

configuration (TT) of four sets of six repetitions with three minutes rest between sets, 

the second (CT1) four sets of six singles (one repetition) with 12 seconds rest between 

repetitions and two minutes rest between sets, the third (CT2) four sets of three doubles 

(two repetitions) with 30 seconds rest between pairs and two minutes between sets, and 

the third (CT3) four sets of two triples (three repetitions) with 60 seconds rest between 

triples and two minutes between sets. Piloting showed that one set of six repetitions in 

the TT condition took 15 seconds to complete. The timings for cluster conditions were 

subsequently designed so that each set commenced three minutes and 15 seconds 

following the commencement of the previous set. Therefore total work to rest ratios 

were standardised against the TT condition (15 seconds work to three minutes rest). 

Subjects were allowed to rest the bar on the rack between clusters during all cluster 

configurations. 

 

 

The exercise technique was similar to that described previously in the literature for the 

measurement of force and power during single rebound jump squats (107). This 

involved the subjects standing at a self-selected foot width with an Olympic bar loaded 

with 40 kg placed on their upper trapezius immediately below C7. The subject then 

performed a countermovement to a self-selected depth and immediately performed a 

maximal jump. Subjects were instructed to attempt to keep the depth of 

countermovement consistent between jumps and “jump for maximum height” on each 

repetition. Subjects were required to reset to their original start position prior to all 

jumps. Consistency of counter movement depth was visually assessed by the researcher 

and where necessary feedback was provided to the subject. As with previous research 

(36), the depth of countermovement was not controlled as this technique (self-selected 

countermovement depth) reflects the technique most likely to be utilised in a practical 

situation thereby maximizing the practical application of study findings. However, to 

ensure findings were not affected by variation in countermovement depth between 

conditions, the vertical displacement of the systems centre of mass during the 
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countermovement was calculated for each repetition and averaged for each set 

configuration. This analysis showed no significant differences between set 

configurations in vertical displacement during the countermovement which averaged 

0.20 m for all four configurations. Forty kilograms represented a load that all subjects 

were familiarised with as they used in both in training and testing. This external load 

was used by the athletes as it represented approximately 20% of the squat 1RM of the 

population from which the subjects were drawn. This load sits within a spectrum of 

loads whereby power is reported to be maximised in ballistic tasks (41, 93, 178). Jumps 

were performed on a portable force plate (Accupower, AMTI, Watertown, MA). 

Ground reaction force data were sampled at 500 Hz via an analogue to digital converter 

(16-Bit, 250 kS/s National Instruments, Austin, TX.) and collected by a laptop computer 

using custom-built data acquisition and analysis software (Labview 8.2, National 

Instruments,  Austin, TX.).  

 

Power data was calculated from ground reaction force data using the impulse-

momentum (forward dynamics)  approach to calculate the system power as outlined 

previously in the literature (62). As the initial velocity of the system was zero, at each 

time point, vertical ground reaction force was divided by the mass of the system to 

calculate acceleration of the system. Acceleration due to gravity was then subtracted so 

that only the acceleration generated by the subject was multiplied by time data to 

calculate instantaneous velocity of the system’s centre of mass. The resultant velocity 

data was then multiplied by the original ground reaction force data to calculate power. 

PF (ICC = 0.96, CV = 2.3), PP (ICC = 0.94 , CV = 4.6%), PV (ICC = 0.93, CV = 3.4%) 

and RPD calculated with a 50 ms moving average (ICC = 0.89, CV = 14.7%) were 

calculated from the resultant force, power and velocity curves.  

 

7.3.4 Statistical Analyses 

For the purposes of statistical analysis repetition averages were calculated for each 

variable for each subject. That is, the average across all four sets of each repetition (one 

to six) was calculated and used for analysis. Means and standard deviations were used 

as measures of centrality and spread of data for repetition data for each variable. A 

spreadsheet designed for the analysis of controlled trials (102) was utilised for further 

statistical analyses. The statistics derived from the spreadsheet included the p-value 
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calculated using the unequal-variances unpaired t-statistic, and percent difference with 

90% confidence limits (CL) and Cohens effect size calculated from log-transformed 

data. These statistics were calculated comparing each set structure for each repetition 

(one to six) and comparing repetition one to each subsequent repetition for each set 

configuration. Effect sizes were described as trivial (<0.2), small (0.2 - 0.5), moderate 

(0.5 - 0.8) and large (> 0.8) (34, 99). Alpha levels of 0.05 and 90% confidence limits are 

used where appropriate. 

 

7.4 RESULTS  

Significant differences (p < 0.05) between set structures in mean repetition values were 

identified for PP. PP was significantly lower for the TT condition when compared to 

CT1 and CT3 for repetition four, and all cluster configurations for repetitions 5 and 6. 

These differences can be observed from Figure 7.2 and a summary of percent changes 

with 90% confidence limits, effect sizes and p-values can be observed from Table 7.1. 

Percent changes (± 90% CL) in PP from repetition one to subsequent repetitions for all 

set configurations can be observed from Figure 7.3. There were significant differences 

(p < 0.05) between repetition one and all subsequent repetitions for all set 

configurations with the exception of repetition four for CT3 and repetition five for CT2 

which were not significantly different from repetition one for their respective 

configurations. The greatest percent changes from repetition one were for repetitions 

three to six in the TT condition (% change = -6.0 to -11.8). These differences can be 

observed from Figure 7.3. Effect sizes for repetitions five and six were both large (ES = 

-0.83 to -1.0). 

 

Significant differences (p < 0.05) between set structures in mean repetition values were 

also identified for PV. PV was significantly lower for the TT condition compared to 

CT3 at repetition four, significantly lower compared to CT2 and CT3 at repetition five, 

and significantly lower compared to all cluster conditions for repetition five. These 

differences can be observed from Figure 7.4 and a summary of percent changes with 

90% confidence limits, effect sizes and p-values can be observed from Table 7.2. 

Percent changes (± 90% CL) in PV from repetition one to subsequent repetitions for all 

set configurations can be observed from Figure 7.5. For the TT condition there was a 

significant decrease (p < 0.05, ES = -0.24 to -0.99) in PV from repetition one to all 
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subsequent repetitions. There were no significant differences for CT1 between 

repetition one and any subsequent repetitions. However, there were significant 

differences (p < 0.05) between repetition one and repetitions two, three and four for 

CT2, and between repetition one and repetition six for CT3. 

 

There were no significant differences found in mean repetition PF (Figure 7.6) and RPD 

between set configurations. There were also no significant differences between 

repetition one and subsequent repetitions for any set configuration for RPD. However, 

there were significant differences between repetition one and selected subsequent 

repetitions for TT, CT2 and CT3 for PF. These differences can be observed from Figure 

7.7. PF decreased significantly from repetition one to all subsequent repetitions for the 

TT configuration (p < 0.05, ES = -0.20 to -0.41). Additionally, for CT2 repetitions two, 

four and six, PF was significantly reduced (p < 0.05, ES = -0.19 to -0.26) from 

repetition one, and for CT3, repetition six was significantly reduced (p < 0.05, ES = -

0.23) from repetition one. 
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Figure 7.2: Mean (± SD) repetition peak power for each set configuration. 
* Significantly different from control (p < 0.05) 
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Figure 7.3: Percent change (± 90% CL) from log transformed data for peak power 
between repetition one and subsequent repetitions for each set configuration. 
§ no significant difference from repetition one (all other differences are significant). 
#Effect size for change from repetition one is large (> -0.8) 
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Figure 7.4: Mean (± SD) repetition peak velocity of the centre of mass for each set 
configuration. 
*Significantly different from control (p < 0.05) 
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Figure 7.5: Percent change (± 90% CL) from log transformed data for peak velocity 
between repetition one and subsequent repetitions for each set configuration. 
§ no significant difference from repetition one (all other differences are significant (p > 
0.05)). 
#Effect size for change from repetition one is large (> -0.8) 
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Figure 7.6: Mean (± SD) repetition peak force for each set configuration. 
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Figure 7.7: Percent change (± 90% CL) from log transformed data for peak force 
between repetition one and subsequent repetitions for each set configuration. 
* Significant difference from repetition one (p > 0.05). 
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7.5 DISCUSSION 

This study aimed to establish the effects of cluster loading on force, power and velocity 

profiles of a number of set configurations, specifically investigating the differences 

between a traditional loading paradigm and three alternative “cluster” configurations. 

Our results indicate that where power and velocity decrease significantly in the latter 

repetitions of a traditional set of six repetitions of the loaded jump squat, this decrease 

can be attenuated by using cluster configurations. This may have training implications 

for the planning and prescription of training for muscular power using ballistic 

activities, but these implications are dependent on the key mechanical and metabolic 

stimuli. Should, maximizing power and velocity in ballistic training be key to 

adaptation, cluster loading paradigms may offer a viable training option for lower body 

power development. 

 

From the results of this study it is evident that the use of a number of cluster 

configurations was able to decrease the decline in PP output during a set of six jump 

squats. For all set configurations, the greatest PP occurred with the first repetition. This 

is in contradiction to the research of Baker and Newton (18) which suggested that the 

highest power output across a set of 10 jump squats was achieved at either repetition 

two or three and maintained until the fifth repetition. However, it is in agreement with 

Haff et al. (83) who reported PP in a set of five repetitions of the clean pull to occur in 

the first repetition. From the data presented it can be observed that the cluster 

configurations clearly attenuated the decrease of PP through the set after repetition one. 

This is evidenced by the large effect sizes for repetitions five and six for the TT 

condition when repetition one was compared to subsequent repetitions (see Figure 7.3). 

Although significant differences were evidenced when comparing repetition one with 

subsequent repetitions for cluster configurations, none of these resulted in moderate or 

large effect sizes. Therefore, it seems likely that cluster configurations are superior for 

maintaining quality of effort (in terms of PP) during the jump squat movement. 

 

Decreases in PV were also attenuated by the use of cluster training configurations when 

compared to traditional loading schemes. Similar to PP, the only large or moderate 

effect sizes for differences between repetition one and subsequent repetitions were with 
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repetitions five and six during the traditional set configuration (see Figure 7.5).  

Therefore, it seems that all three cluster configurations in the present study were able to 

improve the velocity profile of a set of six jump squats. These findings are consistent 

with the findings of Haff and colleagues (83) who reported that a 15 – 30 second rest 

between repetitions of a clean pull at 90% of 1RM resulted in significantly greater PV.  

 

No significant differences between any of the set configurations at any repetition were 

found in force output. Therefore, in terms of PF, each set configuration provided a 

similar stimulus. Results did show however that the force was significantly decreased 

from repetition one to all subsequent repetitions in TT and for selected repetitions for 

the cluster configurations. For example, the second repetition of each pair in CT2 was 

significantly decreased compared to the first repetition of the set. Previous authors (81) 

have postulated that PCr can be replenished during the short rest provided during cluster 

loading configurations, whereas traditional configurations result in greater depletion of 

PCr and therefore increased use of muscle glycogen and production of lactic acid. 

Research has suggested that the inhibition of force capabilities following as few as 5 – 9 

maximal contractions is due to the accumulation of blood lactate (188). The research of 

Salin and Ren (168) supports the contention of Haff and colleagues (81), showing that 

decreases in muscular ATP and PCr concentrations were associated with increased 

lactate concentrations and significant decreases in force following maximal 

contractions. With the addition of 15 – 30 second rest intervals between knee extension 

contractions force output returned to 80-90% of initial values. These same mechanisms 

may explain the differences in PP and PV profiles between configurations. 

 

Whereas it is likely that some level of metabolic fatigue is necessary for resistance 

training for developing muscular size (hypertrophy training) and strength (122, 181, 

182), the same may not be true of training for  power. Indeed a number of researchers 

have suggested that the key mechanical stimuli in the development of muscular power is 

generating high PV and PP (85, 86, 113, 196) and achieving this does not necessarily 

entail fatigue and associated metabolic stress. Research investigating traditional loading 

configurations using ballistic movements suggests that the lactate accumulation inhibits 

muscle function. Crewther and colleagues (42) investigated metabolic responses to 

ballistic supine squats at 45% of one RM with subjects performing sets of six repetitions 

with three minutes rest between sets, similar to the traditional loading configuration in 
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the current study. It was reported that significant increases in lactate accumulation 

occurred as a by-product of anaerobic glycolysis across sets of six repetitions. The 

reported lactate concentrations were equivalent to those generated in an equi-volume 

maximum strength protocol and deemed sufficient to inhibit PP. This metabolic stress 

associated with a traditional ballistic training configuration, as is purported to be during 

maximum strength training, may be a pre-cursor to neural and endocrine adaptations for 

power development. In this case cluster loading may inhibit these adaptations making a 

traditional configuration a more appropriate prescription. However, should PP and PV 

be important mechanical stimuli, mediating neural responses to training cluster 

configurations would represent the more appropriate training prescription. 

 

Results clearly showed that cluster configurations resulted in increased repetition PP in 

the latter repetitions of the set compared to traditional loading. However no difference 

in repetition PP or PV was evident between clusters (see Figures 7.2 and 7.4). This 

suggests that any of the cluster configurations investigated could be used to enhance PP 

in ballistic tasks. These findings are consistent with previous research focusing on 

power output in upper body strength movements. Lawton and colleagues (128) 

investigated the use of singles, doubles and triples to improve power output in a 6RM 

bench press, also showing that none of the cluster configurations were obviously 

superior in maximising power outputs. Likewise, in the current research PV was not 

significantly different between the three cluster configurations. However, the cluster one 

configuration was the only configuration where there was no significant drop off in PV 

from repetition one to six. Therefore, this may be the preferable configuration for 

maximizing velocity of movement.  However, further research is needed to confirm this 

possibility. 

 

7.6 PRACTICAL APPLICATIONS 

Ballistic movements are commonly utilised to develop lower body muscular power in 

athletic populations. Whereas hypertrophy and strength training adaptation is dependent 

on mechanical stimuli such as total forces and mechanical work, which are likely to 

induce some level of metabolic fatigue, it is possible that for the development of 

muscular power during ballistic training, mechanical qualities such as PV and PP are 

important (possibly mediating neural adaptations). Our results have shown that 
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decreases in power and velocity of movement associated with the latter repetitions of a 

set of jump squats can be reduced by the use of cluster loading configurations. Dividing 

a traditional set of six repetitions into clusters of either one, two or three repetitions can 

attenuate decreases in power and velocity of movement throughout the set. However, 

the practitioner needs to be aware that, should other mechanical stimuli and associated 

metabolic responses be important precursors to power development (or be a desired 

training outcome) a traditional set configuration may represent the more appropriate 

training prescription. Additionally, this research did not directly examine metabolic, 

endocrine and neural responses to training, which underpin adaptation. Future research 

should investigate these responses to cluster configurations together with longitudinal 

training adaptations to provide further information on the mechanisms that reduce 

neuromuscular fatigue during cluster loading and further clarify their application to 

training. 
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8.1 PRELUDE 
Elite, highly trained athletes often need to undertake advanced resistance training 

methods in order to ensure continued adaptation. In Chapter 7 we identified that cluster 

loading patterns result in different kinematic and kinetic patterns during a jump squat 

training bout, improving the maintenance of power and velocity in the latter repetitions 

of a set. This may improve power adaptation following a training period and therefore 

represent appropriate training prescription in a highly trained athlete. Typically rugby 

union players undertake short pre-season preparation periods comprising a combination 

of resistance training methods. If a structure such as cluster loading is to be utilised in 

this population, it is important to ascertain the effectiveness of the training paradigm in 

this context. This study, therefore, investigated the utilisation of a cluster loading 

intervention during a typical pre-season in elite rugby union players. 

 

8.2 INTRODUCTION 
Strength and power are physical attributes that have been shown to be crucial to high 

level performance in collision sports such as rugby league, rugby union and American 

Football (9, 12). The development of strength and power is therefore an important 

component of training programs for the preparation and development of elite level 

athletes in these sports. Given the complex nature of resistance training prescription for 

collision sports, training interventions require careful consideration in order to ensure 

training outcomes are achieved. Cluster loading, sometimes termed inter-repetition rest 

training, describes a training system whereby the rest periods are manipulated, breaking 

sets into small clusters of repetitions (81, 127, 128). It has been previously suggested 

that these training structures may be well suited to the development of lower body 

explosive performance (81) and thus may be appropriate for use in collision sport 

athletes.  

 

There are a number of factors inherent in the preparation of high level rugby union and 

rugby league players, which make training prescription for power development complex 

for the practitioner. Firstly, these sports are characterised by long in-season periods 

(typically 25 – 35) weeks with relatively short pre-season preparations (typically 8 – 12 

weeks) (10, 77, 94). Thus, the pre-season preparatory period where resistance training 

frequency and volume can be increased represents a relatively short time frame for the 
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development of lower body power, particularly in highly trained athletes. Additionally, 

in many collision sports there is the added complexity of the considerable demands of 

other training components such as metabolic conditioning, speed and skill development, 

and team organisation (10, 35). This additional training imposes many different 

physiological demands on the athlete, which can adversely affect power development 

(94, 97). Therefore, the investigation of strength and power interventions applied in this 

context is crucial to improving understanding of athletic development in these and other 

similar sports. Although the design of strength and power programs in rugby league and 

rugby union has been the subject of considerable research (4, 10, 23), to the authors 

knowledge no studies have investigated the use of cluster loading in collision sports. 

 

It has been postulated that breaking sets into small “clusters” of repetitions may 

improve the kinematic and kinetic (force, power, velocity) profile of a training set. This 

in turn may lead to improved training outcomes, particularly in the training of ballistic 

performance (81). To this end, investigations of the acute effect of cluster structures 

have suggested an improved set velocity and power profile during both lower body and 

upper body movements (59, 83, 128). These improvements have been attributed to the 

ability of the short rest periods between clusters to allow metabolic recovery resulting in 

improved kinematics and kinetics in the latter repetitions of the set when compared to 

traditional loading paradigms. This improved set profile may be beneficial as there is 

some evidence that adaptation to ballistic performance may be principally mediated by 

neural mechanisms, with intramuscular (86, 134) and intermuscular (158) neural 

adaptations contributing to performance improvements following high velocity training.  

 

However, there is very little research tracking training outcomes after the 

implementation of cluster loading programs.  Studies have suggested that various 

cluster loading configurations in untrained subjects confers no beneficial effect in terms 

of maximum strength adaptation when compared to traditional training structures (29, 

167). In elite junior basketball players Lawton and colleagues (127) compared upper 

body strength and power adaptations in the bench press movement between a cluster 

intervention and a traditional training structure over a six week training period. This 

research showed that a traditional structure resulted in significantly greater gains in 

maximal strength (9.7%) compared to the cluster structure (4.9%) but there were no 

significant differences in power adaptation between interventions. However, there 
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remains no published research with cluster set structures applied to lower body power 

training when ballistic movements are included. 

 

The purpose of this study was to investigate whether cluster arrangements led to 

improved training adaptations when compared to a traditional set structure during the 

pre-season preparation of highly trained elite level rugby union players. Despite 

suggestions that cluster loading is well suited to the development of mechanical power, 

to date there is limited research investigating training outcomes with these set 

configurations applied alongside loading parameters commonly used in the training of 

mechanical power in athletes. The current study addressed this gap in the research using 

highly trained rugby union players for whom lower body power is a key physical 

attribute. 

 

8.3 METHODS 

8.3.1 Experimental Approach to the Problem 

In order to compare traditional and cluster loading for the development of strength and 

power, 18 elite rugby union players undertook eight weeks of resistance training using 

the squat and clean movement patterns. Players were randomly allocated to one of two 

groups, a traditional training group (TT) and a cluster training group (CT). Training was 

undertaken during the pre-season training phase, which represents the time of the year 

when their greatest resistance training volume is typically undertaken. To ascertain the 

effect of the training interventions on lower body strength and power performance, 

preceding and following the training intervention players undertook force, velocity and 

power profiling of the jump squat at a variety of light to moderate external loads and 

maximum strength was assessed in the back squat movement. Training outcomes were 

evaluated using effect statistics and percentage change in maximum strength, force, 

velocity and power. Differences in training outcomes between groups were assessed 

using two way analysis of variance and 90% confidence limits from which a qualitative 

inference of the effect of the cluster intervention was derived. 
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8.3.2 Subjects 

Eighteen highly trained elite male rugby union players undertaking pre-season training 

prior to the start of their competitive season agreed to participate in this study. This 

represented the total number of available subjects who fulfilled the study inclusion 

criteria. These criteria were as follows: (i) the athlete was scheduled to be present for 

the entire training block; (ii) the athletes’ individual training goals agreed by 

conditioning and coaching staff and the athlete were congruent with the training 

prescription for the study; and, (iii) the study prescription was deemed appropriate for 

the athlete considering musculoskeletal screening results and injury history. Average 

age and height were 26.8 ± 4.5 yrs and 1.89 ± 0.1 m respectively, and average body 

mass was 103.5 ± 8.6 kg and 104.3 ± 8.5 kg pre- and post-training, respectively. All 

subjects had the procedures, benefits and risks of participation explained to them and 

provided informed consent. All procedures were approved by the Edith Cowan 

University Human Research Ethics Committee.  

 

8.3.3 Procedures 

Prior to starting the training intervention and at the completion of the training 

intervention, subjects undertook assessment of jump squat force, velocity and power 

across a spectrum of loads and back squat maximum strength testing. Jump squat testing 

and strength testing took place on separate days at least 48 hours apart with jump squat 

assessment preceding maximum strength assessment. All athletes had three weeks of 

active rest at the completion of the previous competitive season followed by three 

weeks of prescribed self-directed preparatory strength and conditioning before the study 

commenced.  

8.3.3.1 Power Testing Procedures 
Following a standardised warm-up, each subject performed three single repetition jump 

squats at body weight and three external loads, 20 kg, 40 kg and 60 kg (in a randomised 

order) using a technique identical to that described by Hori and colleagues (107). 

Absolute loads were chosen for analysis as of primary interest were the changes in the 

athletes ability to apply power to an absolute load irrespective of changes in body 

weight and maximum strength during the course of the training period. A similar 

spectrum of loads has previously been used in an investigation of power training in 
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novice subjects (40) and in the assessment of lower body mechanical power of collision 

sport athletes (10). The jump technique involved the subjects standing at a self-selected 

foot width with an Olympic bar placed on their upper trapezius immediately below C7. 

The subject then performed a countermovement to a self-selected depth and 

immediately preformed a maximal jump. Subjects were instructed to keep the depth of 

countermovement consistent between jumps and “jump for maximum height” on each 

repetition. All subjects were familiar with the jump squat movement as they previously 

performed it as part of both training and testing programs. 

 

All jumps were performed on a portable force plate (Accupower, AMTI, Watertown, 

MA). Ground reaction force data were sampled at 500 Hz via an analogue to digital 

converter (National Instruments, Austin, TX.) and collected by a laptop computer using 

custom built  data acquisition software (Labview 8.2,  National Instruments,  Austin, 

TX.). Data were then transferred to a customised data analysis program for calculation 

of the kinematic and kinetic variables of interest (Labview 8.2, National Instruments, 

Austin, TX). 

8.3.3.2 Strength Testing Procedures 
Maximum strength was assessed through predicting back squat 1RM from a 2 – 6 RM 

lift. Methods were similar to those previously outlined for assessment of squat 

maximum strength in professional rugby union players (4). This involved each athlete 

performing three sets of 2 - 6 repetitions at incrementally increasing loads before one set 

was performed to failure in the 2 – 6 repetition range. Each repetition was performed to 

a visually assessed knee angle of 90 degrees. One repetition maximum was then 

predicted using a documented equation (28). This calculation method has been shown to 

have a practically perfect correlation (r = 0.97) to actual back squat 1RM (129). Our 

data shows the methodology is a reliable means of assessing back squat 1RM in the 

study population (ICC = 0.90, CV = 5.9%). 

8.3.3.3 Jump Squat Data Analysis 
Power applied to, and the velocity of the centre of mass of the system were calculated 

from ground reaction force data using the impulse-momentum (forwards dynamics) 

approach outlined previously in the literature (62). As the initial velocity of the system 

was zero, at each time point throughout the jump, vertical ground reaction force was 

divided by the mass of the system to calculate acceleration of the system. Acceleration 
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due to gravity was then subtracted such that only the acceleration generated by the 

subject was multiplied by time data to calculate instantaneous velocity of the systems 

centre of mass. The resultant velocity data was then multiplied by the original ground 

reaction force data to calculate power. From the resultant force-time, velocity-time and 

power-time curves the following three variables were calculated for each repetition; 

 

Peak Force; the highest point on the force-time curve calculated from ground reaction 

force data (between day reliability, ICC = 0.96, CV = 2.3%). 

Peak Power; the highest point on the power time curve calculated from ground reaction 

force data (between day reliability, ICC = 0.94, CV = 4.6%). 

Peak Velocity of the Centre of Mass; the highest point on the velocity-time curve 

integrated from ground reaction force data (between day reliability, ICC = 0.93, CV = 

3.4%). 

8.3.3.4 Training Intervention 
Subjects were randomly allocated to either a traditional training group (TT, N = 9) or a 

cluster training group (CT, N = 9), which utilised cluster loading patterns. Descriptive 

statistics for each group can be observed from Table 8.1. There were no significant 

differences between TT and CT groups for any of the subject characteristics. All 

athletes undertook twice weekly supervised lower limb strength and power training. 

Training programs for TT and CT can be observed from Tables 8.2 and 8.3, 

respectively. All athletes performed two strength and power exercises using the squat 

and clean movement patterns plus additional supplementary exercises primarily focused 

on the abdominals, back extensors, gluteals and hamstrings.  

 

Table 8.1: Subject characteristics (Mean ± SD) for traditional and cluster loading 
groups. 
 Traditional Training Cluster Training 
Age (yrs) 25.7 ± 4.5 27.8 ± 4.5 
Height (m) 1.93 ± 0.1 1.85 ± 0.1 
Pre Training Body Weight (kg) 107.3 ± 6.7 99.7 ± 10.5 
Post Training Body Weight (kg) 108.4 ± 6.3 100.1 ± 10.7 
 
Only the two compound strength and power lifts were clustered for those in the CT 

group. All of these movements were executed with the intent to accelerate the load as 

quickly as possible for both training groups. A mixed methods paradigm was utilised 
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for the squat movement (88). This involved the use of loads ranging from 80-95% of 

1RM for the first six weeks of training and a combination of heavy load squats (80-85% 

1RM) and light to moderate load ballistic jump squats (0 – 20% 1RM) in weeks seven 

and eight. Jump squat loads were structured using a descending system with the 

heaviest load performed in the first set and the lightest in the final set (11). The clean 

pull and power clean movements used high loads (80-95% 1RM) throughout the 

training program. However, as the movement changed from a clean pull to a power 

clean for weeks five to eight of training the absolute load lifted in this movement pattern 

generally dropped considerably during the second half of the training program. There 

were no significant differences in prescribed average volume load (sets x repetitions x 

load) per session between training groups for the squat (TT = 4.5 sets x 5 repetitions x 

84.7% 1RM, CT = 4.5 sets x 4.9 repetitions x 84.7% 1RM), clean (TT = 5 sets x 4.9 

repetitions x 86.5% 1RM, CT = 5 sets x 4.8 repetitions x 86.5% 1RM), or jump squat 

movement (3 sets x 3 .7 repetitions x 10% 1RM for both groups). A total of 16 lower 

limb sessions were scheduled for each subject over the course of the study. An average 

of 99% of training was completed by the TT group and an average of 98% of training 

sessions were completed by the CT group. All sessions were supervised by a strength 

and conditioning coach, who stipulated training load and recorded repetitions and load 

completed, and timed rest periods.   

 
 
All participants continued with upper body strength training (2 x per week), aerobic and 

anaerobic conditioning (2 x per week), speed training (2 x per week), skills training (2 x 

per week) and team organisation (2 x per week) as part of their pre-season preparation 

program. Average weekly training time over the course of the study was 8.5 hours. 

Total training load including all components of training (resistance training, speed 

training, metabolic conditioning, skills training and team organisation) was periodised 

during the course of the study and training load was quantified using the session rating 

of perceived exertion method (72). Subjects were asked to keep nutritional intake 

consistent through the course of the study and did not undertake supplementation 

additional to prescribed recovery protocols. Hydration status was assessed intermittently 

through the study in order to provide feedback to athletes on hydration status. 
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8.3.4 Statistical Analyses 

All statistical analyses for force, velocity and power variables were performed on the 

mean of trials two and three with the first trial excluded from analysis (104). Means and 

standard deviations were used as measures of centrality and spread of data. In the first 

instance, the CT and TT groups were compared using a repeated measures two way 

analysis of variance (ANOVA) for all strength and jump squat measures. Post-hoc 

analysis was performed using the Holm-Sidak method. An alpha level of 0.05 was used 

for all statistical comparisons. Additionally, the difference between the TT and CT 

groups was calculated (% change) and uncertainty in the effect was expressed as 90% 

confidence limits (CL) with a qualitative inference of the effect of the cluster 

intervention (20, 21). If the confidence interval overlapped the thresholds for small 

positive and negative effects, the outcome was deemed unclear. This statistical approach 

has been previously used to make magnitude based inferences in similar studies and in 

similar populations (4, 94, 180). Effect sizes (ES) [ES = pre-test minus post-test divided 

by the standard deviation of the pre-test] were also calculated for force, velocity, power 

and maximum strength. Thresholds outlined by Rhea (164) specifically for highly 

trained athletes were used to describe effects as trivial (ES < 0.25), small (ES = 0.25 – 

0.5), moderate (ES = 0.5 – 1.0) and large (ES > 1.0).  

 

8.4 RESULTS 

Mean pre- and post-training scores for back squat 1RM, PP, PV and PF for both training 

groups can be observed from Table 8.4. There were significant (p < 0.05) increases in 

back squat 1RM for both the CT (% change = 14.6 ± 18.0%, ES = 1.0) and TT (% 

change = 18.3 ± 10.1%, ES = 2.2) groups (Figure 8.1). Post-training back squat 1RM 

was significantly greater (p < 0.05) in the TT group compared to the CT group. 

However, the training effect of both interventions on maximum strength was large (ES 

= 1.0 – 2.2). PF at the external load of 60 kg was also significantly greater (p < 0.05) in 

the TT group post-training. 
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Table 8.4: Mean (± SD) maximum strength, peak power, peak velocity and peak force 
for the traditional and cluster groups pre- and post- the 8 week training intervention. 

 Traditional Cluster 
Load Pre Training Post Training Pre Training Post Training 
Maximum 
Strength 

    

Back Squat 1RM 
(kg)  

203 ± 16.6 240 ± 25.0†‡ 191 ± 25.0 216 ± 25.3† 

Peak Power (W)     
0 kg  4,697 ± 461 4,790 ± 434 4,542 ± 599 4,716 ± 448 
20 kg  4,326 ± 532 4,531 ± 432 4,143 ± 475  4,262 ± 306 
40 kg 4,147 ± 540 4,169 ± 412 3,867 ± 306 4,146 ± 298 
60 kg  3,943 ± 604 4,049 ± 505 3,660 ± 341 3,822 ± 213 
Peak Velocity 
(m/s) 

    

0 kg  2.18 ± 0.16 2.19 ± 0.15 2.22 ± 0.20 2.30 ± 0.17 
20 kg  1.88 ± 0.16 1.92 ± 0.15 1.91 ± 0.15 1.95 ± 0.13 
40 kg 1.65 ± 0.16 1.65 ± 0.15 1.65 ± 0.12 1.72 ± 0.11 
60 kg  1.46 ± 0.17 1.48 ± 0.16 1.44 ± 0.09 1.49 ± 0.08 
Peak Force (N)     
0 kg  2,359 ± 140 2,411 ± 144 2,280 ± 280 2,329 ± 222 
20 kg  2,519 ± 185 2,553 ± 149 2,394 ± 244 2,412 ± 208 
40 kg 2,678 ± 190 2,672 ± 124 2,536 ± 199 2,579 ± 192 
60 kg  2,838 ± 199 2,881 ± 155‡ 2,703 ± 190 2,708 ± 150 

RM = repetition maximum 
† Significant within group difference pre-post training 
‡ Significant difference between traditional and cluster post training 

 

Percent changes in strength and jump squat PP, PV and PF at all loads pre- to post 

training for TT and CT with percent difference (± 90% CL) between groups and a 

qualitative inference of the magnitude of the difference are detailed in Table 8.5. 

Percent differences between groups can be considered as clear for back squat 1RM, PP 

at 20 kg and 40 kg, PV at 0 kg and 40 kg, and PF at 20 kg, 40 kg and 60 kg. Cluster 

loading had a likely positive effect for PP at 40 kg (% difference between groups = 

6.5%) and for PV at 0 kg and 40 kg (% difference between groups = 3.3% and 4.7% 

respectively). Additionally the effect of the cluster intervention on PF at 40 kg was 

possibly positive (% difference between groups = 1.8%).  The effect of the cluster 

intervention was possibly negative for back squat 1RM (% difference between groups = 

-3.7%), PF at 20 kg (% difference between groups = -0.61%), PF at 60 kg (% difference 

between groups = -1.3%) and PP at 20 kg (% difference between groups = -1.8%).  
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Table 8.5: Mean percent change (± SD) and effect sizes for changes in maximum 
strength, peak power, peak velocity and peak force for the traditional and cluster groups 
with percent difference ± 90% confidence limits (CL) and qualitative practical inference 
of effect of the cluster intervention. 

 Traditional Cluster Difference Cluster - Traditional 
Load  Mean % 

Change ± 
SD 

Effect 
Size 

 Mean % 
Change ± 

SD 

Effect 
Size 

% Change 
± 90% CL 

Qualitative 
Inference 

Maximum 
Strength 

      

Back Squat 
1RM 

18.3 ± 10.1 2.2 14.6 ± 18.0 1.0 -3.7 ± 10.5 Possibly Negative 

Peak Power        
0 kg   2.3 ± 7.6 0.2 4.4 ± 7.1 0.3 2.2 ± 6.1 Unclear 
20 kg  5.3 ± 7.4 0.4 3.5 ± 7.5 0.2 -1.8 ± 6.2 Possibly Negative 
40 kg 1.0 ± 6.2 0.0 7.5 ± 7.0 0.9 6.5 ± 5.6 Likely Positive 
60 kg  3.2 ± 5.3 0.2 4.8 ± 5.6 0.5 1.6 ± 4.5 Unclear 
Peak 
Velocity  

      

0 kg  0.5 ± 3.8 0.10 3.8 ± 3.4 0.40 3.3 ± 3.0 Likely Positive 
20 kg  2.5 ± 4.9 0.30 2.4 ± 3.9 0.30 -0.0 ± 4.4 Unclear 
40 kg 0.0 ± 5.0 0.00 4.7 ± 6.1 0.60 4.7 ± 4.7 Likely Positive 
60 kg  1.4 ± 3.6 0.10 3.5 ± 4.7 0.50 2.1 ± 3.4 Unclear 
Peak Force        
0 kg  2.4 ± 6.4 0.4 2.7 ± 7.8 0.2 0.4 ± 5.9 Unclear 
20 kg  1.6 ± 4.7 0.2 1.0 ± 3.4 0.1 -0.61 ± 3.4 Possibly Negative 
40 kg -0.1 ± 3.1 0.0 1.8 ± 2.4 0.2 1.8 ± 2.3 Possibly Positive 
60 kg  1.6 ± 2.7 0.2 0.3 ± 2.8 0.0 -1.3 ± 2.6 Possibly Negative 

RM = repetition maximum 
 

 

8.5 DISCUSSION 

The purpose of this study was to ascertain whether cluster set structures provided an 

enhanced training stimulus for lower body strength and power development when 

compared to a traditional training structure during the pre-season preparation of elite 

level rugby union players. Despite the assertion, based on acute studies focusing on 

cluster loading, that this technique may be ideal for the development of mechanical 

power, there were no previously published studies investigating lower body power 

development using this training approach. We found that a traditional training structure 

led to greater increases in maximum strength compared to cluster structures, but that 

cluster training may be beneficial for improving jump squat power and velocity. 

 

Back squat 1RM increased significantly (p < 0.05) in both training groups over the 

course of the study. However, the training effect in the TT group (% change = 18.3 ± 
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10.1, ES = 2.2) were greater than those for the CT group (% change = 14.6 ± 18.0, ES = 

1.0) and resulted in back squat 1RM being significantly greater in the TT group post-

training. This corresponded to a possibly negative effect of cluster loading on maximum 

strength development. Although the TT group had a small amount of extra volume 

prescribed, this was unlikely to be enough to significantly effect training outcomes, so it 

seems that set structure was most likely to be the reason for these between group 

differences in adaptation. These findings are similar to those comparing traditional and 

cluster structures in developing upper body strength. Lawton and co-workers (127) 

reported that bench press maximum strength was increased 9.7% using a traditional set 

structure compared to 4.9% using a cluster structure. Our findings regarding back squat 

1RM are similar to those of Lawton et al. in that maximum strength increased by 3.7% 

more in the traditional group. Therefore, although cluster loading was still able to elicit 

a large training effect for maximum strength in a highly trained group, it seems that a 

traditional training structure is more effective for developing maximum strength. 

 

The theoretical basis of cluster set structures lies in the short rest periods between 

clusters of repetitions allowing for metabolic recovery through the replenishment of 

muscular PCr, improving the quality of each effort and subsequent training adaptation 

(81, 127, 128). Although this metabolic recovery may be beneficial for quality of 

movement and subsequent power adaptation, it seems that the strength adaptation may 

benefit from the build-up of metabolites. The literature suggests significant metabolite 

accumulation during high load strength training protocols (42). The importance of this 

metabolite accumulation to adaptation is unclear (71, 167), however there is some 

evidence that metabolic fatigue is an important precursor to both endocrine (122, 182) 

and neural (181, 182) responses to training.  Therefore, it is possible decreased 

metabolite build up during cluster loading due to the recovery between clusters is 

counter-productive to strength development leading to improved strength adaption from 

a traditional training structure.  This contention needs to be investigated using 

methodologies that account for the influence of metabolite accumulation on cluster 

loading for strength and power adaptation. 

 

Neither training group significantly improved jump squat force, power or velocity 

through the course of the study. For the TT group, all effect sizes for these variables 

were either trivial or small. The only moderate effect sizes were for PP at 40 kg (ES = 



 177

0.9, % change = 7.5%) and PV at 40 kg (ES = 0.6, % change = 4.7%) for the CT group. 

Given the highly trained population who participated in the study and the relatively 

short training duration this is not overly surprising. The high additional training load 

undertaken by subjects during the training intervention may also have affected jump 

squat adaptation. This is a challenge inherent in the development of strength and power 

in sports such as rugby union. Indeed, in a similar study and population Harris and 

colleagues (94) reported decreases in jump squat power (% change = -6% to -17.1%)  

and velocity (% change = -2.4% - -7.5%) despite increases in maximum strength 

following high and moderate load jump squat training. It has been suggested that power 

development may be sensitive to interference during concurrent training (121), 

particularly in highly trained populations.  

 

The design of the training intervention in terms of load selection and exercise order may 

have also affected power adaptation. As is typical of resistance training prescription in 

collision sports, the first six weeks of training was focused on high load lifting. High 

velocity jump squats were integrated quite late in the intervention (weeks seven and 

eight), which may not have allowed sufficient time for high velocity adaptation. An 

earlier introduction of high velocity jump squats in the training intervention may have 

improved the velocity and power adaptation. Additionally, jump squat training was 

performed following maximum strength training using a descending system with the 

heaviest load performed in the first set and the lightest in the final set. Although there is 

some support in the literature for this type of training structure (11), it may be that a 

training structure whereby ballistic training was performed in isolation, such as that 

utilised in the preceding acute study (Chapter 7) may have resulted in greater changes in 

explosive performance. 

 

We found no statistically significant difference in changes in jump squat measures pre- 

to post-training between the TT and CT groups. However, we also used confidence 

limits and magnitude based inferences to assess the practical differences in training 

outcomes between groups. With this statistical procedure, inferences were made about 

the true value of the effect (of cluster loading) if a large population were sampled using 

90% confidence limits (20, 21). This analysis suggested some practically positive 

effects in the use of cluster loading to develop power and velocity in the jump squat 

movement. There was a likely positive effect of CT when compared to TT for PP and 
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PV at 40 kg, and for PV at body weight (Table 8.5).  The only PP or PV value to have a 

greater training effect in the TT compared to the CT group was PP at 20 kg (possibly 

negative effect for CT). Therefore, there was some evidence to support the contention, 

based on acute research and the importance of neural adaptation to ballistic 

performance, that cluster loading may be well suited to the development of velocity and 

power in ballistic movements. It may be that had the training intervention used in this 

study involved a longer ballistic (jump squat) training phase the advantages of cluster 

loading for ballistic velocity and power would have been further accentuated.  

 

The positive effect of cluster training that was apparent for jump squat PP and PV was 

not evident with PF. Although at 40 kg there was possibly a positive training effect for 

the CT group, at 20 kg and 60 kg there was a possibly negative effect for CT, and at 60 

kg PF was significantly greater for the TT group post training. Previous research has 

also suggested that increases in moderate load jump squat PF are associated with 

increases in back squat maximum strength (40, 134). That is, training interventions, 

which have a positive training outcome in terms of maximum strength development, 

may also increase PF in a ballistic movement such as the jump squat. Therefore, the 

traditional intervention, due to inducing greater maximum strength adaptation may be 

preferable in terms of training PF. It could, therefore, be concluded that to optimise 

ballistic power development a combination of training methods would be optimal, a 

traditional intervention for development of force capabilities and cluster training for the 

development of velocity of movement. 

 

8.6 PRACTICAL APPLICATIONS 

Due to the importance of strength and power in collision sports such as rugby union, 

resistance training is an important aspect of training for athletes competing at the elite 

level in these sports. For these athletes appropriate resistance training prescription is 

crucial for athletic development. In elite level rugby union players, cluster training 

structures do not provide a superior stimulus in the development of lower body 

maximum strength compared to a traditional loading structure. Although both a 

traditional structure and cluster structures could be prescribed for maximum strength, a 

traditional structure is likely to provide superior training outcomes. Cluster training 

does however present a viable training option for the development of lower body power 
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at light to moderate external loads. Therefore, the practitioner should select the training 

structure, which is best suited to the individual training goals of the athlete. If high load 

performance and maximum strength is the key training objective then a traditional set 

structure should be used. If the development of explosive power and velocity at light to 

moderate loads is regarded as a more important training goal then a cluster structure 

may be preferable. It may be that an integrated approach that uses both loading schemes 

offers optimal training adaptation or at the very least offers athlete’s variation that can 

address training monotony. 
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CHAPTER 9 
 

 

SUMMARY AND CONCLUSIONS 
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9.1 SUMMARY OF FINDINGS  

It is widely believed that developing the ability to express force quickly (high RFD) and 

achieve high PP rapidly is crucial in the training and development of elite athletes. 

However a relatively small body of experimental literature exists investigating the 

testing and training of these qualities in elite populations. The series of studies in this 

thesis has specifically investigated the assessment and training of lower limb explosive 

performance in an elite population. Firstly, we investigated previously discussed but 

poorly researched methods of assessing force and power characteristics of the lower 

limb particularly focusing on the analysis of the force-time and power-time curves 

during rebound jump squats. In Chapters 3, 4 and 5 methodological issues in analysing 

the force-time curve and the reliability of methods and measures used in jump squat 

assessment were evaluated. Second, we evaluated the relative importance of the most 

reliable measures investigated to functional performance of elite senior and junior rugby 

union players (Chapter 6). The final two experimental chapters investigated one of 

many resistance training methods which may be used to enhance the measures 

investigated in Chapters 3 - 5, cluster loading. Firstly, the acute mechanical stimulus 

were evaluated (Chapter 7) and second, the application of this training system over a 

short training period in an elite population was investigated (Chapter 8). 

 

The rebound jump squat offers a sport-specific mode of power assessment due to the 

combined extension of the ankle, knee, hip and trunk in the movement, the ballistic 

nature of the movement and the presence of a SSC in the movement. It is the presence 

of the SSC that makes analysis of force-time characteristics of the jump more complex 

(compared to a concentric only movement). Therefore the first part of this thesis 

investigated how different analytic methods may affect findings during data analysis. 

The three methods for analysing the force-time curve during SSC jumps previously 

published were compared, investigating the effect on selected force-time measures. 

Results suggested that the choice of analytic methods can significantly affect force-time 

values for a number of measures. For force-time variables which assess rate of force 

development relative to PF (for example time to PF and index of explosive strength), 

values were significantly different between methods but these values were highly 
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correlated whether the concentric phase is included in the analysis or both the eccentric 

and concentric phase are included in the analysis. However, when time-dependent 

variables (for example RFD at 100 ms or impulse at 100 ms) were investigated, the 

starting point of variable calculations resulted in significantly different numbers, which 

were not highly correlated suggesting the measurement of functionally independent 

physical qualities when different analytic methods were used.  

 

In order for an assessment to be practically relevant / beneficial, its repeatability must 

be evaluated. The two most common technologies used in the assessment of jump squat 

force capabilities are the force plate and the linear position transducer. While both 

technologies have previously been shown to be reliable in measuring PF, the reliability 

of force-time variables measured with these technologies has not been thoroughly 

investigated in the literature. Our results concurred with previous research, suggesting 

that both the force plate and linear position transducer were reliable means of measuring 

PF. It was also evident that although PF values generated between the two technologies 

were significantly different, correlations between the two technologies were high to 

very high. The reliability of force-time measures varied considerably between measures 

and technologies. Specific measures had acceptable relative or absolute consistency 

with one or more technology. However, a number of measures did not have sufficient 

relative or absolute consistency for use in most practical or research applications. 

Generally, force-time variables calculated from force plate data tended to have greater 

relative and absolute consistency than those calculated from differentiated linear 

position transducer data.  

 

These same technologies (linear position transducer and force plate) are also the most 

common means of measuring lower body power capabilities during the jump squat. An 

additional method utilised in power assessment involves the combination of force plate 

and linear position transducer data. The results reported in Chapter 5 were consistent 

with much of the previous research showing that PP can be measured reliably with any 

of the three methods, but that between day variation is greater when only differentiated 

linear position transducer data is used to measure PP. In Chapter 5 the reliability of a 

number of power-time measures were also investigated. Relative consistency of these 
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power-time measures was generally comparable between methods and measures, and 

for many variables was acceptable. However, absolute consistency of most power-time 

measures was below that which would be deemed sufficient for use in research and 

practice where within subject changes are of interest. Results also showed that as with 

PF, there were significant differences between the values generated by the measurement 

apparatus for PP as a result of the biomechanical basis of the power calculations. Where 

the force plate calculates power applied to the systems COM, the linear position 

transducer and combined methods base power calculations on the velocity of the 

Olympic bar on the athlete’s shoulders.  

 

In terms of validating the measures of practical significance, the relative importance of 

force, velocity and power measures to functional activities and to athletic or sporting 

success needs to be quantified. Therefore, in Chapter 6, the force, velocity and power 

measures which differentiated speed performance and level of competition in elite and 

elite junior rugby players were assessed. This study found that the fastest and slowest 

sprinters over 10 m differed in PP expressed relative to body weight. Additionally, over 

30 m there were significant differences in PV and relative PP and RPD calculated with a 

moving average between the fastest 20 and slowest 20 athletes. In terms of playing 

level, results showed no significant difference in speed over any distance between elite 

and elite junior rugby union players, however a number of force and power variables 

were significantly different between playing levels. Interestingly, whereas only power 

values expressed relative to body weight were able to differentiate speed performance, 

both absolute and relative force and power values differentiated playing levels in 

professional rugby union players. So where speed development requires the 

development of explosive qualities (specifically PP, PV and RPD) relative to body 

weight, due to the importance of momentum in collision sports, in the study population 

absolute force and power values were able to differentiate levels of competition (elite 

versus elite junior).  

 

If the results of Chapters 3 to 6 are considered in their entirety, it would seem that (if 

replicating the data collection methodology used in these studies) traditional peak 

values are more appropriate measures than the temporal measures investigated. Peak 
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power, PF and PV were generally more reliable (in both relative and absolute 

consistency) than the force-time and power-time measures investigated. In the sample 

used in these studies, they were also able to differentiate playing level and sports 

specific performance (sprinting). Although some temporal measures were also able to 

differentiate between playing level and sports specific performance, if the practitioner 

chose to use one or more of these measures they would be using a less reliable measure. 

Thus it would seem that in the population of elite rugby union players investigated in 

this study, further analysis of the force-time and power-time curve over and above the 

selection of peak values does not offer a great deal of additional value for the scientist 

or practitioner. 

 

The second part of this thesis investigated the effect of a specific training intervention, 

cluster loading on force, velocity and power in the jump squat movement. Due to the 

importance of acute mechanical stimuli to subsequent neuromuscular adaptation 

following resistance training, we evaluated the effect of various cluster loading patterns 

on force, velocity and power during a ballistic jump squat at a moderate load. We found 

that PP was significantly lower for the traditional condition when compared to cluster 

configurations for the latter repetitions of a set of six repetitions. PV was also 

significantly less for the traditional condition compared to the cluster configurations for 

the latter repetitions of a set of six repetitions. Therefore, providing inter-repetition rest 

during a traditional set of six repetitions attenuated decreases in power and velocity of 

movement through the set. As many researchers have suggested that achieving high 

power and velocity of movement in training is an important mechanical stimulus for 

power adaptation, the contention that cluster loading is appropriate for explosive power 

training would tend to be supported by the results presented in Chapter 7. 

 

The final part of this research investigated the application of cluster training structures 

to a typical pre-season lower body resistance training program in elite rugby union 

players. This represents a population for whom force and power capabilities are crucial 

to elite level performance (as established in Chapter 6). Both traditional and cluster 

configurations significantly increased maximum strength following the eight week 

training intervention. However the effect of cluster training on maximum strength 



 185

adaptation was possibly negative. Like many previous studies investigating power 

development in similar populations, the changes in power and velocity capabilities for 

both the cluster and traditional training paradigms did not shift with the same magnitude 

as maximum strength.  Indeed, there were no significant differences pre- to post-training 

for any jump squat force, velocity or power measures. This reinforces previous research, 

which has suggested that these are the more difficult qualities to change in short training 

periods where multiple training components are being undertaken simultaneously. 

However, there was a likely positive effect of CT when compared to TT for PP and PV 

at 40 kg and for PV at body weight. This positive training effect of cluster loading on 

explosive qualities may have been more pronounced had a training intervention with 

greater ballistic training volume (so the set profiles presented in Chapter 7 could be 

replicated) been implemented. However, it seems that alternative training paradigms 

such as cluster loading may have an application in populations such as the elite level 

rugby union players in this study in order to provide a change in stimulus and optimise 

power training adaptations.  

 

9.2 SUMMARY OF PRACTICAL APPLICATIONS 

Lower limb explosive capabilities are crucial in collision sports such as rugby union. 

The findings of the series of studies in this thesis have a number of important 

applications for strength and conditioning practitioners working in collision sports and 

other sports where lower limb explosive performance is of importance to elite level 

performance. These practical applications apply to both the assessment and training of 

lower limb force, velocity and power. 

 

The jump squat is a commonly used assessment methodology in strength and 

conditioning practice. It is an easily implemented, compound, ballistic, SSC movement. 

The practitioner should be cognizant of the following key applications when applying 

this movement to lower limb muscular assessment in athletic populations: 

 

i. The analysis of the force-time curve during a rebound jump squat is complex. 

When using time dependent measures, the point on the force-time curve from 

which variables are calculated will, in many cases, determine the information 

provided and whether you can compare results between athletes and/or studies. 
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Accordingly, method selection should be based on needs analysis of the task for 

which the athlete is being assessed.  

 

ii. For tasks where concentric force development is deemed to be critical to 

performance, variables calculated relative to peak force (e.g. index of explosive 

strength, reactivity coefficient and time to PF) can be analysed using either 

method. However, if variables are calculated for a specific time period (e.g. 

impulse at 100 ms, RFD at 100 ms, force at 50 ms), analysis should commence 

at the start of the concentric phase. If the eccentric and concentric phase is of 

interest as a functional unit then analysis should commence at the lowest point 

on the force-time curve.  

 

iii. The practitioner can utilise either the force plate or the linear position 

transducer to assess PF, plus the additional option of the combined method to 

measure PP. However the use of the linear position transducer increases within 

subject variation for both measures decreasing the precision of measurement in 

a test re-test situation and making definitive conclusions about training 

outcomes less likely. 

 

iv. Measures of PF, PV and PP generated from the different technologies 

investigated although highly correlated were significantly different and 

therefore should not be compared under any circumstances in practice. 

 

v. Very few power-time or force-time measures during a rebound jump squat have 

sufficient absolute consistency for use in test retest situation. Traditional peak 

values generally offer greater precision of measurement. However, a number of 

temporal force and power measures have sufficient relative consistency for 

applications where determining the rank order of a population is of interest (for 

example talent identification). 

 

vi. In this research PV and PP and RPD relative to body weight, differentiated fast 

from slow rugby union players. These variables can therefore be used by the 

strength and conditioning coach to track training adaptation during resistance 
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training for speed development. As the traditional values of PV and PP provide 

a more reliable methodology, they may be preferred.  

 

vii. For the rugby union players used in this study, a number of force and power 

variables differed significantly between playing levels. These included PF, PP, 

force at 100 ms from minimum force and force and impulse at 200 ms from 

minimum force. These variables can be used in talent identification and in 

tracking training interventions in elite rugby union players. Due to the 

importance of momentum in collision sports tracking absolute values may be of 

greatest importance. 

 

The cohorts used in these studies were elite senior and elite junior rugby union players, 

a population for whom the development of strength and power is an important 

component of athletic development. Cluster training structures have been suggested as 

an appropriate training prescription for developing muscular power. The prescription of 

these training structures is appropriate for rugby union players. The practitioner should 

be cognizant of the following key applications when considering applying cluster 

structures in resistance training prescription for athletes. 

 

i. Using training structures such as those investigated in this thesis during 

moderate load ballistic movements, decreases in power and velocity of 

movement associated with the latter repetitions of a set of jump squats can be 

reduced by the use of cluster loading configurations. If the training objective is 

to optimise power and velocity of movement, cluster configurations are an 

appropriate prescription for the practitioner.  

ii. In elite level rugby union players, cluster training structures do not provide a 

superior stimulus in the development of lower body maximum strength 

compared to a traditional loading structure. When using a mixed load training 

approach, if maximum strength is the key training objective a traditional training 

structure is the more appropriate prescription. 

iii. Cluster training does however present a viable training option for the 

development of lower body power at light to moderate external loads. If the 

development of explosive power and velocity at light to moderate loads is 
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regarded as the most important training outcome cluster loading provides an 

appropriate training stimulus. 

iv. It is likely that an integrated approach that uses both loading schemes offers 

optimal training adaptation or at the very least offers athlete’s variation that can 

address training monotony. 

9.3 AREAS FOR FUTURE RESEARCH 

The studies in this thesis have investigated questions concerned with the testing and 

training of force, velocity and power in an elite highly trained population. The studies 

have provided results that have tangible applications for practitioners working with 

similar populations to the participants in these studies. However, there are a number of 

areas where future research would provide greater understanding and further advance 

strength and conditioning practice. 

 

The temporal measures of force and power investigated in this study have received very 

little previous research attention. In the rebound jump squat that we investigated, the 

reliability of many of these measures was problematic, particularly in terms of absolute 

consistency. Future research that quantifies the reliability of these measures during other 

high velocity movements may be beneficial. For example, we investigated a rebound 

jump squat methodology that was very simple for the practitioner to implement. 

However, using a concentric only jump or controlling countermovement depth may 

improve the reliability of power-time and force-time measures. The population 

investigated in this study were elite and elite junior rugby union players. In Chapter 6 

the importance of force-time and power-time measures in this cohort were assessed. 

However, success in other sports and other athletic activities may be defined by a 

different set of temporal measures. Thus the application of the measures investigated to 

other athletic populations may also warrant investigation. 

 

Our investigation of cluster training configurations involved two studies. In the first the 

mechanical responses in terms of force, velocity and power, to various cluster 

configurations were investigated. While understanding of mechanical stimuli are 

important for the practitioner to be aware of the nature of the training stimulus, other 

stimuli need to be investigated in order to further understand the way in which cluster 

configurations change the training stress during resistance training. Therefore, future 
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research should investigate acute metabolic and hormonal responses to cluster training 

to ascertain how these are different to a traditional training paradigm. The body of 

literature would also benefit from investigation of acute mechanical responses when 

using other external loads to those investigated in this study and during other movement 

patterns such as Olympic style lifts. 

 

The second cluster loading study (Chapter 8) investigated strength/force, velocity and 

power adaptations to cluster training structures implemented during the pre-season 

preparation of elite level rugby union players. It is clearly important that research is 

conducted in elite level populations, however the limitations and difficulty of elite level 

research particularly in team sports are well documented (147). Chapter 8 had some of 

these limitations; it was conducted over a short training period, with a small sample 

size, in a population undertaking a number of training components. Therefore, larger 

training studies, which have a longer training duration, and in other athletic populations, 

are needed to add to the understanding of training adaptations following cluster training. 
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