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Abstract 

The sport of cricket is challenged by three formats of the game; each with varying workload 

demands. The most recent format is T20 cricket, first played internationally in 2005. Further 

to this, elite performers are often required to play for upwards of four different professional 

teams across the year; increasing the complexities in player workload management and other 

sports science-related support.  

Fast bowlers have greater overall match-play demands than other playing positions in cricket. 

Wearable microtechnology for tracking external load in athletes is common practice. Despite 

microtechnology enabling meaningful analyses of workload beyond routinely reported metrics, 

little application has occurred within fast bowling.  

The high injury risk in fast bowlers is well established, yet the intensive demands on these 

athletes remain poorly understood. The overall aim of this program of research was to use 

scientific literature to first understand the interaction of workload, injury and performance in 

elite level fast bowlers and then improve the understanding of workload management using 

advances in wearable microtechnology. The program of research in this thesis “with 

publication” first generated studies identifying the problem (a systematic review). The four 

subsequent chapters of original research built on the review to profile the match-play and 

training demands of cricketers, explore the variability of wearable microtechnology outputs 

during fast bowling, and finally develop and quantify an innovative means to monitor and 

manage workload within the specific demands of fast bowling in cricket.  

Although monitoring acute and chronic workloads of fast bowlers remains the most ideal 

method for identifying preparedness and injury likelihood in fast bowlers, complexities exist 

that make the systematic prescription of bowling workloads difficult. The results confirmed 

that the external load of cricket match-play and training varied between fast bowlers and non-
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fast bowlers. Furthermore, external loads experienced by 26 elite performing cricketers 

differentially affected the neuromuscular, endocrine, and perceptual fatigue responses of these 

players.  

Outputs from wearable microtechnology provided adequate stability across the performance of 

elite fast bowlers. These outputs were comparable with routinely used measures of fast bowling 

performance and intensity. Algorithms linking microtechnology outputs demonstrated good 

sensitivity in detecting fast bowling events in elite cricketers across competition (99.5%) and 

training (99.0%). The specificity of detecting fast bowling events decreased in competition 

(74.0%) however, remained high during training (98.1%). With the ability to automatically 

detect fast bowling events, metrics of bowling intensity can be explored more rigorously. 

Outputs from the gyroscope and accelerometers in the wearable technology provided strong 

associations with prescribed bowling intensity.  

Collectively, this thesis has highlighted the challenges of applied research in cricket, and more 

specifically the capacity to more objectively monitor external load in cricket fast bowlers. 

Wearable microtechnology has the potential to advance and refine measures of bowling 

workload and provide a greater depth of support for cricket fast bowlers.  
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Navigation of the Thesis 

Workload monitoring in fast bowlers is established as important for both injury reduction and 

fast bowling performance. This thesis addressed fast bowling workload by first identifying the 

problem and, second by applying research innovation to fast bowling workload management.  

 

Chapters 2 and 3 within this thesis identify the problem through the rigor of a systematic review 

and observational study investigating the fatigue responses of cricket workload across all 

playing types in both preparation and competition periods. These preliminary chapters 

introduce the challenges of measuring workload in cricket fast bowlers. The research presented 

in chapters 2 and 3 also established that variation in workload across cricket playing positions 

existed and that these workloads resulted in different fatigue outcomes across position types. 

 

The second part of this thesis investigated the use of wearable microtechnology in the 

advancement of fast bowling workload monitoring. The aim of these chapters was to establish 

new methods and approaches for quantifying the workload of cricket fast bowlers. The first 

study investigated the accuracy of wearable microtechnology to detect fast bowling events in 

both training and competition. It was established that wearable microtechnology was able to 

detect fast bowling events. With the automated detection of fast bowling events possible, the 

next two studies explored the meaningfulness of the parameters provided from the wearable 

microtechnology. This was completed in two parts, firstly establishing that the outputs had 

adequate stability across fast bowlers and bowling spells and secondly, establishing a 

relationship between bowling intensity and microtechnology outputs.  

  



14 

 

Chapter 1: General Introduction 
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1.1 Overview of Cricket – Historical Context 

The team sport of cricket originates from England and has spread internationally throughout 

the British Commonwealth. Comprising two teams of 11 players, specific positional roles can 

be classified into various sub-categories including batsmen, bowlers (sub-categories fast, 

medium, spin) and fielders (sub-categories wicket-keepers, inner and outer). Finer 

classifications within these sub-categories can also be identified. While each player has a 

specific role within a team, all players are required to field throughout the course of a game. 

The first international match was played in 1844 between the USA and Canada, while 

England’s first international tour was to North America in 1859 and was followed by tours to 

Australia in 1862. Follow-up tours between England and Australia eventually lead to the first 

Ashes series in 1882; a competition still played today. Domestic cricket competitions 

originated in England and Australia between 1890 and 1892 to coincide with international 

competition.  

 

Cricket match-play largely remained consistent until 1971 when the first international limited 

overs game was played in Melbourne, Australia. Limited overs cricket had gained popularity 

during the 1960s when established in England. Limited overs cricket, also referred to as one-

day cricket, is distinguished by the limited number of overs in each innings, along with 

regulations and rules on individual bowling workloads (10-overs). This differs from multi-day 

cricket that is unlimited in the overs of each innings, and the overs bowlers can bowl in each 

innings. With the popularity of limited overs cricket increasing, the cricket World Cup was 

introduced in 1975, using a limited overs format (50-overs per innings).  
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The evolution of cricket match-play has continued more recently with the introduction of 20 

over cricket (Twenty20, T20). This again, is a shorter format of limited overs cricket, allocating 

a maximum of 20-overs in each batting innings and further reduction in the bowling restrictions 

for each bowler (4-overs). T20 cricket originated in England in 2003, with the first international 

game in 2005. The first T20 World Cup was played in 2007.  

 

1.2 Identifying the Problem 

Both the fitness and fatigue from training and competition are directly linked to athletic 

performance. The manner in which fatigue influences sporting performance has received 

considerable attention. Understanding both acute and chronic fatigue is vital in athlete 

management; an issue of current interest in applied team sport research [1-4]. A thorough 

understanding of fatigue and how it manifests is vital in team sports, where improving 

performance outcomes is critical.  

 

Researchers have previously modelled the relationship between training and performance [5-

7]. Performance outcomes from training are directly related to the magnitude of both the fitness 

and fatigue responses to a given workload, and the time decay of each of these two components 

[8]. This “Fitness-Fatigue” model suggests performance (fitness) is proportionally more 

influenced by the negative (fatigue) than positive responses. However, the time attenuation of 

fitness is considerably longer in duration than fatigue [9]. Subsequently, adequate recovery is 

required for improved athletic performance and to minimize the likelihood of overtraining 

syndrome. While this model is relatively simple in design, measurement and assessment of 

each component are relatively complex and influenced by factors in addition to, and other than, 

training load and intensity [10]. In particular, the fatigue component of the model has been 
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identified as considerably complex and multidimensional. Currently, exercise induced fatigue 

has no accurate clear marker or measure [11]. If overreaching repeatedly occurs, chronic 

maladaptation may potentially result in overtraining syndrome. Overtraining syndrome is 

characterised not only by a reduction in athletic performance, but also compromised 

neuromuscular, hormonal and biological status [12]. For the purpose of this thesis, a reduction 

in neuromuscular, hormonal and/or biological status will indicate that athletic performance 

may be compromised. 

 

While fatigue and over-training have been studied in athletes from individual sports [5, 13], 

and more recently athletes from high intensity, intermittent team sports [14, 1], no research has 

specifically investigated overreaching or over-training in fast bowlers or other cricketers. 

However, acute physiological responses have been studied in fast bowlers performing repeated 

fast bowling spells [15]. No significant physiological changes and only small reductions in 

bowling velocity were observed between bowling spells separated by 45 minutes [15]. While 

this study provided important information on the physiological and performance outcomes 

associated with repeated fast bowling spells, the 45-minute recovery period provided between 

bowling spells potentially neglected to account for the varying recovery opportunities in each 

competition format.  

 

As with most team sports, cricket has requirements specific to particular player types. These 

requirements are associated with various physical loads and consequently require specific 

preparation and skill. Often fast bowlers are required to perform most of the team bowling 

workload during cricket competition.  
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In addition to increasing fast bowling workloads over the cricket calendar, the recent 

introduction of 20-over cricket has augmented the types of injuries being sustained by elite 

cricketers [16]. Thigh and hamstring injury incidence increased between 2007 and 2009, 

around the time that 20-over cricket became prominent in the cricket calendar. The marked 

injury increase is suggestive of the changing physical demands of cricket [16]. These 20-over 

cricket competitions have seen professional cricketers contracted to numerous professional 

teams across the world, which complicates the management of athlete well-being [16]. Reliable 

and cricket-specific measures of fatigue and workload will assist coaches during periods in 

which conditioning staff and coaches have limited access to their athletes. 

 

1.3 Research Innovation 

Workload monitoring can play an important role in preventing overtraining syndrome and 

management of unwanted amounts of fatigue. Both generic and sport-specific measures of 

workloads are used in sport. Workloads can be regarded as external and internal. External load 

comprises the ‘work’ performed in a physical task, while internal load describes the 

physiological or psychological response (i.e. ‘strain’) of the athlete to the external work 

performed. Examples of external loads include balls bowled in cricket [17], tackles in rugby 

league [18] and distance run in Australian Football [19]. Examples of internal load include 

heart rate and ratings of perceived effort. 

 

Fast bowling workloads are linked to injury risk [21, 21]. A dual workload threshold has been 

shown to influence injury risk in elite fast bowlers [20], whereby both under- and over-bowling 

increased the risk of injury. These findings suggest that a minimum volume of bowling is 

required to increase injury resilience, while excessive bowling loads may increase injury risk. 
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Despite the accepted association between fast bowling workloads and injury risk, recent cricket 

workloads at the elite level have been significantly altered by the introduction of 20-over 

cricket. Arguably, this may have resulted in under-bowling in some circumstances and over-

bowling in others [20]. More specifically, the introduction of 20-over competitions into 

international and domestic cricket schedules have increased total load over the cricket calendar 

[16]. However, it is also likely that limited over competitions may provide inadequate 

workloads to prepare fast bowlers for multi-day cricket, particularly when short turnaround 

between competitions exists. Workloads in fast bowlers may need to be gradually and 

systematically increased in order to prevent injury, particularly as a link has been shown 

between increased acute bowling workloads and a 3-4 week delayed increase in injury risk 

[22]. 

 

The use of wearable technology to determine a measure of workload is not a new concept. 

Wearable technology such as pedometers have for several years, been used to track simple 

workloads such as steps walked [23]. Currently, many elite level sporting teams and individuals 

use microtechnology devices to monitor external workload [18, 24, 25]. Microtechnology 

manufacturers also use accelerometers and gyroscopes housed within commercially available 

global positioning system (GPS) devices to provide additional information on external loads 

[25-28]. These systems are adding alternative measures of workload to that provided by GPS 

technology alone, including Player Load™ which is derived from the tri-axial accelerometers 

housed within the microtechnology device [24]. The multiple measurement options within the 

wearable microtechnology may provide a reliable tool for detecting fast bowling events and 

provide insight into the workload and intensity of the fast bowling loads that are contributing 

to injury or impair optimal performance in elite fast bowlers.  
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Therefore, this thesis argues the need to monitor the increasing demand of fast bowlers; as a 

sub-group of athletes particularly vulnerable to injury and fundamental to team success. 

Strengthening the evidence base around objective and multiple measures of workload will 

improve the confidence around understanding the (i) demands of fast bowling and (ii) workload 

management of players. To this end, innovations within microtechnology require sport-specific 

adaptations for optimal use in cricket.  

To address this rationale, a number of experimental hypotheses were proposed in this program 

of research:  

(i) Limited scientific data on workload and fast bowling performance will be present since the 

introduction of T20 cricket. 

(ii) Training and competition demands of fast bowlers will be higher than non-fast bowlers. 

(iii)Wearable microtechology will be both sensitive and specific for the detection of fast 

bowling events during training and match-play. 

(iv) Outputs from wearable microtechnology will provide adequate reliability across repeated 

bowling events. 

(v) Wearable microtechnology will be sensitive to distinguish the intensity of a prescribed fast 

bowling event. 
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The sequence of studies designed to investigate the hypotheses are as follows: 

Cricket fast bowler monitoring and workload management 

Id
en

ti
fy

in
g
 t

h
e 

P
ro

b
le

m
 

Study 1 Systematic Review 

Assessment of workload and its effects on performance and injury in elite cricket 

fast bowlers 

Study 2 

Physical preparation and competition workloads and fatigue responses of elite 

junior cricket players 

R
es

ea
r
ch

 I
n

n
o
v
a
ti

o
n

 

Study 3 

The validity of microsensors to automatically detect bowling events and counts in 

cricket fast bowlers 

Study 4 

Variability of Player Load™, bowling velocity, and performance execution in fast 

bowlers across repeated bowling spells 

Study 5 

Relationship between wearable microtechnology device variables and cricket fast 

bowling intensity 

Figure 1. Workflow of thesis.  
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Chapter 2: Assessment of workload and its effects on performance and injury in elite 

cricket fast bowlers: a systematic review 

  

 

This study has been accepted for publication following peer review. Full reference details are:  

 

McNamara DJ, Gabbett TJ, Naughton G. Assessment of workload and its effects on 

performance and injury in elite cricket fast bowlers. Sports Medicine, 2016, DOI 

10.1007/s40279-016-0588-8. 
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2.1 Abstract 

Cricket is distinctly positioned in the world of elite sports because three different formats now 

exist; each with characteristically different workload requirements. Fast bowlers have greater 

match-play workload requirements and are at greater injury risk than other positions. An update 

on the current cricket literature regarding fast bowling match-play physiology, workload and 

injury is required to demonstrate the extent to which workload is related to performance and 

injury in elite fast bowlers since the introduction of 20-over cricket in 2005. The current review 

examined articles published in English with data collected from 2005 onwards pertaining to in 

situ cricket fast bowling physiology, match-play, injury, and workload. Across four databases 

the following search terms were searched using the combinations of the following key words: 

‘cricket’ and ‘bowl’; inclusive of ‘pace’; ‘fast’; ‘medium’; or ‘seam’ bowling. Articles from 

2005 onwards, with male participants, high performing or elite, and fast bowlers in the game 

of cricket were considered for inclusion. Only workload assessments captured in a field setting 

were included. A total of 751 articles were identified. Exclusions included 527 duplicates, pre 

2005, review articles or abstracts. A further 185 articles were excluded after review of titles 

and abstracts that were deemed to be outside the scope of research or population. Full texts 

from 39 articles were reviewed, with only 17 included in this systematic review. In five articles 

reviewed, fast bowlers had a greater workload than other player types. Bowling workload 

history was reviewed in seven articles and appeared to have a complex interaction with 

likelihood of injury and injury type. Fast bowling workload has a well-recognised relationship 

with injury and performance. Although monitoring acute and chronic workloads of fast bowlers 

remains the most ideal method for identifying preparedness and injury likelihood in fast 

bowlers, complexities exist which make the systematic prescription of bowling workloads 

difficult. Advances in technology to monitor workloads may provide further insight into the 

intensity and workloads of fast bowlers. 
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PROSPERO Registration number: CRD42015032466 

 

2.1.1 Key Points 

- Although elite fast bowlers are generally adequately prepared for the acute workloads 

required for cricket match-play, large ‘spikes’ in acute workloads can manifest as delayed 

injury risk. 

- Twenty20 cricket complicates workload monitoring, injury management and physical 

preparation in cricket.  

- Interaction between advances in athlete tracking systems and longitudinal injury research is 

required to advance the understanding of fast bowling management. 
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2.2 Introduction 

Over the past 20 years of cricket, Test and 50-over matches have largely dominated 

international competition. Along with the first T20 international in 2005, the first T20 domestic 

competitions started in Australia, England, New Zealand and South Africa. The remaining test 

playing nations began their T20 domestic competitions in 2006. These domestic competitions 

evolved into two of the largest ‘domestic’ cricket competitions: the Indian Premier League 

(IPL) in 2008 and the Big Bash League (BBL) in Australia in 2011. Increased competitions 

marked a major change across international cricket as the teams within each competition 

functioned as individual franchises, with the ability to buy and trade players from across the 

world (Figures 2 and 3). Large financial incentives became available for elite cricketers from 

franchise-based competitions; resulting in some cricketers adding intensely demanding 

competitions to their yearly schedule or specialising solely in T20 cricket. This diversity in 

cricket training demands and match-play, particularly with the introduction of T20 cricket, 

potentially challenges the literature published in the years prior to 2005, when T20 cricket 

originated. 

 

 

Figure 2. Number of days of international cricket played over the last 20 years [29]. 
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Figure 3. Days of cricket played (internationals, IPL, BBL) compared with mean value for the 

last 20 years [29]. IPL = Indian Premier League. BBL = Big Bash League.   

 

As with most team sports, cricket has requirements specific to particular playing roles. These 

requirements are associated with various physical loads and consequently specific preparation 

and skills are needed [30]. Fast bowling workloads are linked to injury risk [20, 22]. A dual 

workload threshold has been shown to influence injury risk in elite fast bowlers [20], in which 

both under- and over-bowling performances increase the risk of injury. These findings suggest 

a minimum volume of bowling is required to increase injury resilience, while excessive 

bowling loads may increase injury risk. Despite accepted associations between fast bowling 

workloads and injury risk, recent cricket workloads at the elite level have been significantly 

altered by the introduction of 20-over cricket. Arguably, this may have resulted in under-
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bowling in some circumstances and over-bowling in others [16]. Workloads for fast bowlers 

may need to be gradually and systematically increased in order to prevent injury, particularly 

as a link has been shown between increased acute bowling workloads and both a 7 day delayed 

[21] and 3-4 week delayed [22] increase in injury risk. In addition to increasing fast bowling 

workloads over the cricket calendar, the recent introduction of 20-over cricket has influenced 

the types of injuries sustained by elite cricketers [16]. Thigh and hamstring injury incidence 

have increased in the era of 20-over cricket. The marked injury increase is suggestive of the 

changing physical demands of cricket and condensed cricket scheduling [31]. 

 

The current environment of professional cricketers contracted to numerous professional teams 

across the world, complicates the management of athlete workloads and monitoring of well-

being [16]. Reliable and cricket-specific measures of fatigue and workload may assist coaches 

during periods in which conditioning staff and coaches have limited access to their athletes. 

The demands of match-play in elite sport frequently change as a result of both competition 

strategy and professionalism. Speculatively, no other professional sport has experienced 

greater changes in competitive workload demands than cricket over the past 10 years, since the 

introduction of T20 cricket.  

 

Like many sports, cricket preparation requires a balance between appropriate workloads to 

elicit improvements in performance and injury resilience, and adequate recovery to prevent 

injury and overtraining which compromise performance. Fast bowling performance is 

characterised by both accuracy and ball velocity. Fatigue and inadequate preparation have the 

potential to compromise both technique and force development, both of which will impact ball 

velocity and accuracy and subsequent performance. The authors of this systematic review are 
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aware of a recently published systematic review regarding factors associated with non-contact 

injuries in adult fast bowlers [32]. This review will distinguish itself from the recent systematic 

review with a primary aim of demonstrating the extent to which workload is related to injury 

and/or performance in elite cricket fast bowlers using observational and cross-sectional studies. 

Secondary aims were first, to provide an update of the physical requirements of elite fast 

bowlers since the introduction of T20 cricket, and second, to provide an update on the measures 

of workload within cricket fast bowling. 

 

2.3 Methods  

 

This review has been registered with PROSPERO. 

(http://www.crd.york.ac.uk/PROSPERO/display_record.asp?ID=CRD42015032466). 

 

2.3.1 Search Strategy 

Articles for this review were systematically identified through the search of the electronic 

academic databases SPORTDiscus, MEDLINE, Scopus and Web of Science. These databases 

were searched using the combinations of the following two major key terms in the title and 

abstract: (1) ‘cricket’ and (2) ‘bowl’; with the following terms of ‘pace’ ‘fast’, ‘medium’ and 

‘seam’ connected to ‘bowl’ using ‘OR’. These major two search categories were combined 

using ‘AND’. To remain contemporary, the search was restricted to full-length peer-reviewed 

articles written in English after 2005 through to April 2015. All full length papers were 

searched for additional references not identified in the initial search.  
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2.3.2 Selection Criteria 

Duplicate articles were removed after an initial search was performed. All papers published or 

using data prior to 2005 were excluded from further review. The independent reviewers (DJM, 

TJG, and GN) then screened each paper for relevance based on the inclusion and exclusion 

criteria. The inclusion criteria for this review were articles published with data from 2005 

onwards – the year of the first international T20 match, with male participants, high performing 

or elite, and fast bowlers in the game of cricket. Data needed to be collected in situ, i.e. in the 

field, not a laboratory. To be included, articles were required to provide data on injuries, fast 

bowling performance, cricket workload or measures of cricket workload.  Articles were 

excluded if they were case studies, abstracts, review articles, published in a language other than 

English or non-peer reviewed articles. Disagreements between the independent reviewers 

regarding article inclusion or exclusion were discussed and resolved. 

 

2.3.3 Data Extraction 

Data extracted included the year and country of publication, the nature of participants, key 

dependent variables and study design, statistical treatment, major results, key outcomes and 

limitations. Reporting of outcomes included odds ratios, relative risk, means and confidence 

intervals (CI) and effect sizes (ES).  

 

 

2.3.4 Evaluation of the Quality of Reporting in Reviewed Studies 

Evaluating the quality of reported literature required a modified scale used in a previously 

published review [33]. The previous instrument for evaluating quality reporting was derived 

from the Delphi [34], Physiotherapy Evidence Database (PEDro) [35], and Cochrane scales 
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[36], and was described as more specific to applied strength and conditioning study designs 

and reported protocols. None of the reviewed studies involved random sampling; limiting the 

application of the above mentioned scales in this review. Purposive sampling was the more 

dominant recruitment strategy in the reviewed studies due to the small number of athletes 

meeting the inclusion criteria as elite fast bowling cricketers. Also, due to the observational 

nature of research on elite populations (not typically involving more than the one group of 

interest), modifications to the composite quality scale were required for this review. 

Subsequently for this review, an 8-item scale (range 0 – 16) was used to assess the quality of 

reporting. The eight criteria were scored as: 0 = clearly no; 1 = maybe; and 2 = clearly yes. The 

criteria included:  

1. inclusion criteria were clearly stated;  

2. clear definitions of intervention/protocols and or procedures were provided;  

3. groups were tested for similarity or the single group was well described; 

4. outcome variables were clearly defined;  

5. assessments were practically useful;  

6. duration of intervention was practically useful;  

7. statistical analysis was appropriate;  

8. point measures of variability were evident. Quality reporting was ranked independently, then 

disagreements on scores were discussed to a point of consensus among the authors. 
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2.4 Results 

The flow diagram in figure 4 shows the number of papers found, excluded (with reasons) and 

included. A total of 751 studies were initially retrieved from the four databases.  Thirty-nine 

studies were reviewed in full and a further 23 articles were excluded for reasons including: 

outside the scope of research (n = 15), abstract only (n = 3), population (n = 1), entire data 

collection pre 2005 (n = 3), and not peer reviewed (n = 1). The remaining 16 articles were 

included in the systematic review. A further article was included after being located by another 

source. In total, 17 articles were included in the systematic review. 
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Figure 4. Flow chart of study selection. 
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Table 1. Summary of studies included in the systematic review. 

Study 

 

Nationality Participants 

(n) 

Level of 

Competition 

Variables Methods Statistics Results Limitations Quality 

(score, 

%) 

Pyne et al. (2006) [37] 

 

Australian 72 24 first class 

Australian 

cricketers. 

 

48 Australian 

junior 

representativ

e players 

Bowling 

performance; ball 

velocity in 

bowling. 

 

 Anthropometric 

measures; height, 

mass, skinfolds, 

body composition 

estimates. 

 

Strength testing; 

single leg jumps 

and bar throw tests. 

Senior and junior fast bowlers 

were profiled in bowling 

performance, anthropometric 

measures and strength 

measures. Data were observed 

as a comparison between both 

groups and as a predictor of 

bowling performance (ball 

velocity) within each age group.  

Cohen's ES statistic for 

differences between senior 

and junior cricketers. 

Correlation coefficient for 

association between 

bowling velocity and 

anthropometric/strength 

variables.  

Senior fast bowlers had 

greater ball velocity, 

muscle mass and bench 

press throw.   

 

The best predictors for 

ball velocity in senior 

fast bowlers were static 

jumping and arm 

length. 

 

The best predictors for 

ball velocity in junior 

fast bowlers were static 

jump, bench throw, 

body mass, % body 

mass and height.   

Variability in 

1-legged CMJ 

protocol. 

15, 94% 

Duffield et al. (2009) [15] 

 

Australian 6 First class 

Australian 

cricketers. 

Body mass. Heart 

rate. Core 

temperature. 

Capillary blood 

lactate, pH, and 

glucose. Perceptual 

measures or RPE 

and muscle 

soreness. Repeated 

vertical jump 

efforts.  

Initial measures of repeated 

sprint ability and peak bowling 

speed were taken. A second 

session of 2 x 6-over bowling 

spells was completed to 

measure bowling performance 

(speed and accuracy) and run-

up speed. Dependent variables 

were assessed during the 

repeated bowling spells.   

A one-way, repeated 

measures ANOVA was 

performed to determine 

differences between 

bowling spells. Cohen's 

effect size statistic was 

used to determine practical 

importance of change. 

Pearson's correlation co-

efficient was used to 

determine the association 

between measures.  

No decrement in 

bowling velocity and 

accuracy across 

repeated bowling 

spells. 

 

No differences in heart 

rate, core temperature, 

lactate, pH, glucose, 

RPE, muscle soreness 

and vertical jump 

across repeated 

bowling spells. 

Limited to 

training 

environment.  

15, 94% 

Orchard et al. (2009) [22] 

 

Australian 129 Professional 

cricketers 

across 

Australia. 

Injury:  acute 

noncontact or a 

gradual-onset 

bowling 

mechanism. 

Prospective cohort study over 

10 years of injury history in 

Australian fast bowlers. The 

study compared future injury 

risk in bowlers of high and low 

workload status.  

t tests to compare the 

number of overs bowled. 

Risk ratios were calculated 

to compare high and low 

workload groups. CIs were 

calculated using Taylor 

series expansions. 

Bowlers who 

performed > 50 overs 

in a match had a 

significantly increased 

injury incidence in the 

next 21 days compared 

with those bowlers who 

bowled < 50 overs. 

Bowlers who bowled > 

30 overs in the second 

inning of a match had a 

significantly increased 

injury risk per over 

bowled in the next 28 

days 

 

 

 

 

 

 

Irregular 

scheduling of 

match-play.  

 

Definition of 

overuse injury. 

13, 81% 



34 

 

Table 1. Continued 

Study 

 

Nationality No. of 

Participants 

Level of 

Competition 

Key Dependent 

Variable 

Methods Statistics Results Limitations Quality 

(score, 

%) 

Johnstone et al. (2010) [38] 

 

United 

Kingdom 

15 Professional 

cricketers 

from the 

English first 

class county 

competition. 

Anthropometric 

data, aerobic 

fitness testing 

(multistage fitness 

test), flexibility (sit 

and reach test), 

speed (quick 

single, run 'a' 3), 

strength (medicine 

ball throw, press 

ups, jump testing). 

A cross-sectional design was 

used to profile the physical and 

athletic profiles of professional 

cricketers. Participants were 

classified as either a batsman or 

a bowler for comparison.  

Descriptive results 

expressed as mean ± SD 

and 95% CI. Magnitude of 

difference interpreted using 

Cohen's ES. ES thresholds: 

0.2 - 0.6 (small), 0.6 - 1.2 

(moderate), 1.2 - 2.0 

(large), >2.0 (very large). 

Small to moderate 

effects were observed 

across all variables 

except for medicine 

ball throw and press up 

tests which showed 

large effect sizes.  

Sample sizes 

were limited to 

9 bowlers and 6 

batsmen.  

 

Reliability and 

validity of field 

based testing.  

11, 69% 

Orchard et al. (2010) [39] 

 

Australian 205 Australian 

first class 

fast bowlers 

Injury (excluding 

lumbar stress 

fracture) 

Prospective cohort risk factor 

study from data collected 

between 1998 and 2009. Risk 

ratios were calculated to 

compare the seasonal incidence 

of various injuries between 

bowlers with a prior history of 

lumbar stress fracture and those 

with no history of lumbar stress 

fracture. 

Two-by-two χ2 test. A risk 

ratio  was calculated for 

each injury category. CIs 

were calculated using 

Taylor Series expansions 

 

Risk of calf strain was 

strongly associated 

with prior lumbar stress 

fracture injury history. 

Survey records 

may have 

missing data 

from injuries 

that occurred 

prior to data 

collection.  

Players may 

have had 

asymptomatic 

pars defects 

that went 

undetected.     

13, 81%     

Orchard et al. (2010) [16] 

 

Australian Not stated Australian 

first class 

cricketers 

Injury Researchers compared injury 

rates from 1998 to 2009. The 

researchers suggested injury 

rates should be expressed 

relative to days of play rather 

than hours of play as cricket is 

uniquely positioned in that it 

has 3 variations of match-play.  

Not stated When expressing injury 

rates relative to days of 

play, injury rates 

normalised for T20 

cricket.  

 
7, 44% 

Petersen et al. (2010) [40] 

 

Australian 42 Domestic 

and 

international 

elite 

cricketers 

from 4 

countries. 

Movement patterns 

measured with 

GPS technology. 

(walk, jog, run, 

stride, and sprint) 

Participants were fitted with a 

GPS unit worn during cricket 

match-play (T20, 50-over, and 

multi day cricket). Analysis of 

movement was classified as 

standing/walking, jogging, 

running, striding, and sprinting. 

Magnitude-based 

inferences used to establish 

differences between player 

types. CV% was used to 

measure variability. 

Fast bowlers performed 

the greatest workload 

per hour of match-play 

across all match-play 

types.  

 

One day and T20 

cricket required 50-

100% more sprinting 

per hour than multi-day 

cricket.  

 

 

 

 

 

Only one multi-

day game was 

analysed.  

15, 94% 
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Table 1. Continued 

Study 

 

Nationality No. of 

Participants 

Level of 

Competition 

Key Dependent 

Variable 

Methods Statistics Results Limitations Quality 

(score, 

%) 

Petersen et al. (2011) [41] 

 

Australian 42 National 

level 

cricketers 

GPS movement 

analysis. Heart 

rate. Blood lactate.  

Training activities were 

classified into conditioning, 

skill, and game simulated 

sessions. GPS movement 

analysis was completed for each 

training session.  

 

Movement analysis was 

compared across training and 

previously published match 

data.  

ES statistics were used to 

quantify the difference 

between training sessions. 

CV% was used to measure 

variability in time-motion 

data.  

Conditioning drills had 

greater duration when 

compared to skill 

sessions. Conditioning 

sessions had greater 

intensity than both skill 

sessions and game 

simulated sessions.  

Variability in 

high intensity 

efforts. 

15, 94% 

Petersen et al. (2011) [42] 

 

Australian 54 Australian 

international 

and state 

level 

cricketers 

Movement patterns 

measured with 

GPS technology. 

(walk, jog, run, 

stride, and sprint) 

Participants were fitted with a 

GPS unit worn during cricket 

match-play (14x international 

50-over, 3x test matches, 6x 

state level 50-over matches, and 

5x state level multi-day 

matches). Analysis of 

movement was classified as 

standing/walking, jogging, 

running, striding, and sprinting. 

ES statistics were used to 

quantify the difference 

between game formats and 

competition level. CV% 

was used to measure 

variability in time-motion 

data.  

50-over cricket 

(compared to multi-

day) and test matches 

(compared to state level 

competition) required 

more high-intensity 

running.  

Limited 

number of test 

fast bowlers 

willing to wear 

the GPS device 

during 

competition.  

14, 88%  

Lombard et al. (2012) [43] 

 

South 

African 

10 Elite South 

African fast 

bowlers.  

CK. Visual 

analogue scale 

muscle pain 

ratings. ROM and 

isometric maximal 

strength testing.  

Physiological measures were 

assessed as a baseline followed 

by 2 days of rest and a bowling 

day which included 8overs of 

bowling at match intensity. 

Physiological measures were 

than assessed the day following 

the 8overs of bowling.  

 

ANOVA. Post hoc testing 

was performed using 

Tukey's multiple 

comparison test. 

CK and muscle pain 

were elevated 1hour 

and 24 hours post 

bowling. No change 

was observed in 

maximal isometric 

strength. Ankle ROM 

was reduced at 24 

hours post bowling.  

Indoor bowling 

surface may not 

reflect match 

requirements.  

10, 63%  

Phillips et al. (2012) [44] 

 

Australian 32 Australian 

national, 

elite 

emerging 

and junior 

fast bowlers.  

Ball velocity. 

Bowling accuracy.  

Bowlers were required to bowl 

30 balls at varying lengths to 

targets. Bowling measures of 

accuracy and velocity were 

recorded.  

Effects of skill level and 

delivery type on each 

accuracy measure were 

assessed independently 

using a multiple mixed 

design ANOVA with 

repeated measures. Post 

hoc multiple comparisons 

were performed using Bon- 

ferroni corrected t-tests. 

Pearson’s product moment 

correlation coefficient was 

used to find relationships 

between consistency, 

accuracy and velocity. 

 

 

Elite fast bowlers 

performed better in 

speed and accuracy. 

National and emerging 

fast bowlers were able 

to adapt to varying 

bowling length changes 

within the same 

session.   

Potential 

overlap in skill 

level in 

developmental 

groups.  

12, 75%  
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Table 1. Continued 

Study 

 

Nationality No. of 

Participants 

Level of 

Competition 

Key Dependent 

Variable 

Methods Statistics Results Limitations Quality 

(score, 

%) 

McNamara et al. (2013) [30] 

 

Australian 26 National 

level under 

19s and 17s 

cricketers.  

Movement patterns 

measured with 

GPS technology. 

Endocrine markers 

(cortisol and 

testosterone). 

Perceptual well-

being. 

Neuromuscular 

function.  

Fast bowlers and non-fast 

bowlers were assessed over a 7 

week preparation period and 10 

day competition period.  

ES statistics were used to 

analyse differences 

between groups in 

endocrine, perceptual well-

being and neuromuscular 

function measures. Non-

parametric ES statistics 

were used for movement 

patterns.  

Fast bowlers had 

greater competition and 

preparation workloads. 

Endocrine markers 

suggested that fast 

bowlers were in a more 

catabolic state during 

both preparation and 

competition, whilst 

perceptual well-being 

was lower in non-fast 

bowlers.  

Lack of control 

of physical 

activity outside 

structured 

training 

sessions. 

14, 88% 

Ranson et al. (2013) [45] 

 

United 

Kingdom 

76 International 

cricketers 

performing 

in the 

Cricket 

World Cup.  

Time loss injury. 

Non-time loss 

injury. 

Time loss and non-time loss 

injuries sustained during the 

2011 Cricket World Cup were 

recorded by medical staff.  

 

 Not Stated 23 time-loss and 97 

non-time-loss injuries 

were recorded across 5 

teams in the 2011 

Cricket World Cup 

   10, 63% 

Hulin et al. (2014) [21] 

 

Australian 28 Elite 

Australian 

fast bowlers 

Session RPE. Non-

contact injury 

resulting in loss of 

match-time or 

training session.  

Data were collected over a 6-

year period. Workloads were 

the total number of balls bowled 

per week (external workload) 

and the session RPE (internal 

workload). One-week data 

(acute workload), together with 

4 week rolling average data 

(chronic workload), were 

calculated for external and 

internal workloads. Training-

stress balance was assessed as 

negative or positive based on 

acute and chronic workloads.  

The likelihood of sustaining 

injury was analysed using a 

logistic regression model. 

Findings demonstrated 

that larger increases in 

acute workloads were 

associated with 

increased injury risk in 

elite cricket fast 

bowlers. 

   14, 88% 

McNamara et al. (2015) [46] 

 

Australian 12 Elite national 

and 

international 

Australian 

fast bowlers 

Automated 

bowling detection 

from GPS/ 

microtechnology 

unit 

Participants performed a series 

of bowling, throwing and 

fielding activities. Sensitivity 

and specificity of the automated 

detection of fast bowling events 

was assessed against manually 

recorded outputs.  

The relationship between 

the MinimaxX data and 

direct measures of balls 

bowled were assessed using 

the Pearson product 

moment correlation 

coefficient. MinimaxX and 

direct measure data were 

compared using 

independent t-tests 

The bowling detection 

algorithm was shown to 

be sensitive in both 

training (99.0%) and 

competition (99.5%). 

Specificity was 98.1% 

during training and 

74.0% during 

competition. 

Low intensity 

bowling was 

not assessed.  

12, 75% 

Orchard et al. (2015) [47] 

 

Australian 235 Australian 

professional 

cricketers 

Fast bowling 

injury.  

Workload patterns were 

assessed over a 15 year period. 

Injury rates were assessed for 

from 5 to 26 days after each 

workload. 

95% CIs of relative risks 

were calculated using 

Taylor series expansions to 

assess significance at p < 

0.05 level. 

Bowlers who bowled > 

50 overs in a 5 day 

period had increased 

risk when compared to 

those who bowled < 

50overs.  

   14, 88% 
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Table 1. Continued 

Study 

 

Nationality No. of 

Participants 

Level of 

Competition 

Key Dependent 

Variable 

Methods Statistics Results Limitations Quality 

(score, 

%) 

Orchard et al. (2015) [48] 

 

Australian 235 Australian 

professional 

cricketers 

Fast bowling injury Workload patterns were 

assessed over a 15 year period. 

Injury rates were assessed for 

injury type and relationship to 

workload.  

Multivariate analysis was 

conducted using binary 

logistic regression. A 

forward stepwise method 

was used, with a p value of 

<0.05 required for a risk 

factor to be included at 

each step. 

Tendon injuries were 

associated with high 

acute workload and 

high previous season 

workload. High 

medium term workload 

was protective.  

For bone injury, high 

medium term and low 

career workload were 

risk factors. 

For joint injury, high 

previous season and 

career workloads were 

risk factors. 

 

Diagnostic 

categories 

chosen 

overlapping in 

some injury 

types.  

 

Missing 

workload in 

some fast 

bowlers 

participating in 

non-Australian 

teams. 

14, 88% 

RPE = rate of perceived exertion. GPS = global positioning system. CK = creatine kinase. ROM = range of motion. ANOVA = one-way analysis of variance. SD = standard deviation. CI = confidence interval. ES = effect size. CV = 

coefficient of variation. CMJ = counter movement jump 
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2.4.1 Study Characteristics 

A total of 984 players were investigated in the reviewed articles. Although all were 

elite, 10% were described as elite junior or emerging fast bowlers. While all studies 

recruited bowlers, key dependent variables differed markedly and included injuries (n 

= 7 articles) [22, 16, 39, 47, 45, 21, 48], activity profiles involving GPS and 

microtechnology devices (n = 6) [15, 40-42, 30, 46], strength and fitness measures (n 

= 3) [37, 38, 43], markers of fatigue (n = 3) [15, 43, 30], and anthropometry (n = 2) [37, 

38]. Only three articles reported measures of fast bowlers’ performance as key 

dependent variables (Table 1). Fast bowling performance was characterised by ball 

velocity in all three of these studies, whilst accuracy was also used as a measure of 

performance in two studies (Table 1). The most cited article used GPS outputs 

(specifically total distance and distance in speed bands) as the key dependent variables 

across cricket match-play [40]. 

 

2.4.2 Statistical Reporting 

Magnitude-based differences via ES statistics were used in seven papers to describe 

both within and between subject changes. This choice of statistical reporting accounted 

for most (70%) of the articles not using injury as a key dependent variable. Injury 

focused articles used a combination of risk ratios and logistic regression to describe 

injury likelihood. 
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2.4.3 Methodological Quality 

The evaluations of methodology quality scores across the articles reviewed were mostly 

affected by the underreporting of measures of variability in testing. Sixty-three percent 

clearly explained the variability of testing procedures within their study.  

 

2.4.4 Origin of Studies Reviewed 

Eighty-two percent of the articles included in the review originated from Australia, 12% 

were from the United Kingdom, and 6% from South Africa (Table 1).  

 

2.4.5 Workload and Injury 

From the six studies on fast bowling using injury as an outcome [22, 39, 45, 21, 47, 

48], four counted the balls bowled as a measure of workload [22, 47, 48, 21]. In each 

of these studies, bowling workload was linked to injury likelihood. Although it 

appeared that 50 overs of bowling in a single week was a threshold for injury likelihood 

in elite fast bowlers [22], a sharp increase in acute bowling workload relative to the fast 

bowler’s chronic workload (i.e. 4-week rolling average bowling load) also increased 

risk of injury [21]. Bowling workload history appeared to have a complex interaction 

with likelihood of injury type. Tendon injuries appeared to be associated with high 

acute workload and high previous season workload. High medium term workload (3-

months) was identified as protective. Bone injury likelihood was increased with high 

medium term and low career workload. while joint injury likelihood was associated 

with high previous season and career workloads [48]. The remaining studies using 

injury as an outcome either identified a need to change the injury definition for cricket 
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[16], observed injury rate across a single competition period [45], or observed injury 

likelihood in fast bowlers with a history of spinal bone stress injury [39].  

 

2.4.6 Workload and Performance 

No articles directly linked workload and fast bowling performance. Compared with 

junior elite fast bowlers, elite adult fast bowlers were identified as having greater ability 

to functionally adapt their actions to improve bowling accuracy and tasks [44]. The age 

differences in these groups may imply that a high career workload has a positive 

influence on bowling performance.  

 

2.4.7 Physical Requirements of Fast Bowling 

In one of the three studies on the physical requirements of fast bowling, physiological 

measures of fatigue did not clearly identify change in physiological status during cricket 

training and simulated match-play [30]. Fast bowlers were also able to maintain 

bowling performance during these same cricket training and simulated match-play 

drills [15], despite markers of muscle damage increasing over bowling spells of up to 

8-overs [43]. These findings suggest that elite fast bowlers were prepared for acute 

bowling workloads. High performing fast bowlers had greater body mass and upper-

body strength than junior representative fast bowlers [37].   

 

2.4.8 Measures of Workload 

In most (80%) of the five studies using GPS and microtechnology, workload 

differences were identified between player roles, competition type or, competition and 
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training [30, 40, 42]. Fast bowlers had a greater workload than other player types, and 

bowling in limited over cricket generated greater sprinting per hour of play than 

multiday cricket [40-42, 30, 15]. Training load was often greater than the competition 

requirements of cricket match-play in elite players [41]. 

 

2.5 Discussion  

In this systematic review, 17 studies were available to update the applied fast bowling 

literature since the introduction of T20 cricket. Demands of cricket match-play have 

been re-defined via three varying formats played at the elite level, often by the same 

athletes. A major component of cricket match-play is fast bowling. Fast bowling has 

often been associated with greater training and match-play bowling workloads [40-42, 

30] and injury likelihood [45, 16, 48]. These studies have observed the relationship 

between accumulated bowling workloads and injury likelihood. Despite a moderate 

amount of available research on the mechanisms of fast bowling injury, the 

inconsistencies in definitions, units of time and outcomes preclude meaningful 

comparisons. Field-based fast bowling performance research is mostly limited to very 

few studies and as such, the impact of the introduction of T20 cricket is difficult to 

assess.  

 

2.5.1 Workload and Injury 

Measures of workload in cricket fast bowling have been modified to be very specific to 

the sport and position demands (i.e. counting balls bowled) [21, 47] and also via more 

commonly used workload monitoring methods (i.e. session rate of perceived exertion 

and GPS) [21, 40, 42, 30]. These workload measures are identified as internal or 
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external loads and are often reported as a chronic (fitness) and acute (fatigue) load [21]. 

Acute load (often a 7 day workload) and chronic load (often a 28 day rolling average) 

[21] allow investigation and management of the complex nature of fast bowling 

preparedness and injury likelihood. 

 

Results from this review suggest that injury risk increases significantly for fast bowlers 

when acute load exceeds chronic load, particularly in the week following this “spike” 

in acute load [21]. When chronic loads of fast bowlers were systematically increased, 

injury likelihood decreased [21]. Complexity surrounds systematically increasing 

chronic loads in elite fast bowlers, particularly for players competing in all forms of 

competition. Despite restrictions on match bowling loads in 50-over (10 over 

restriction) and T20 (4 over restriction) cricket, appropriate preparation for upcoming 

multi-day competitions with greater workload requirements may be compromised.  

 

Fast bowling generates at least some level of injury resilience [20]. However, rules 

restricting substitutions in match-play can expose fast bowlers to unplanned higher 

bowling workloads in multi-day competition. Bowlers who bowled more than 50 overs 

in a match had a significantly increased risk of injury in the following 21 days [22, 47]. 

Career workload, medium term workloads and acute workloads all need to be 

considered in the management of fast bowlers [48].  

 

The most commonly reported injuries in fast bowlers include lumbar spine bone stress 

related-injuries. These are a concern to fast bowlers as they are difficult to predict, have 
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risk factors that can be unique to individuals, take considerable time to rehabilitate and 

can lead to other soft tissue injury [39]. 

 

The growth in T20 cricket across the world over the past 10 years has changed the 

commercial landscape of cricket. This commercial growth in T20 cricket has likely 

surpassed the output of cricket research in peer-reviewed literature. The growth of T20 

cricket has resulted in recommendations for injury definition changes in cricket [16]. 

The range in match duration across cricket formats (4 hours to 5 days) has skewed 

injury rates reported relative to hours of play [16]. Reporting injury relative to days of 

play has normalised these injury rates [16]. Re-defining injury has also been considered 

as many injuries are likely to manifest during preparation phases.  

 

Match-play and scheduling variability has provided a unique situation for cricket 

researchers in comparison with other team sports. T20 cricket has likely influenced the 

preparation strategies used by coaches, support staff and cricketers. Competition is a 

key contributor to the cumulative load of fast bowlers and significantly influences the 

preparation for upcoming competition. The lower load of one competition type might 

not adequately prepare the fast bowler for the higher load of upcoming competitions in 

other formats. Therefore, there may be a reliance on increasing training load to 

adequately prepare the fast bowler. Rethinking the impact of accumulative load is 

required, for understanding unloading or overloading, using current methodologies 

beyond ball counting, and across competitions of varying formats. In summary, 

measuring workload, injury and performance in elite fast bowlers across multi-day, 50-

over and T20 competitions is complex. 
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2.5.2 Workload and Performance 

Typically, successful team performance in cricket is measured by the number of runs 

scored in comparison to the opposition, and successful fast bowling in cricket is 

measured via how many wickets the bowlers can take for their team and the number of 

runs to which they can restrict the opposition [49]. However, bowling velocity and 

accuracy are key components of fast bowling success. Elite fast bowlers have been 

found to bowl only a mean 5.6 km.h-1 faster than junior participants, but importantly, 

perform with greater accuracy [44]. Success in fast bowling in professional teams may 

have other characteristics and predictors. 

 

The length of cricket match-play often requires fast bowlers to perform over extended 

periods. Fast bowlers must have the physical capacity to achieve this performance 

requirement and the injury resilience to prevent the prevalent chronic injuries unique to 

fast bowling. Elite fast bowlers have greater muscle mass and strength characteristics 

than junior participants and other team peers [37, 38]. Typically, elite fast bowlers are 

physically capable of maintaining bowling performance over acute workload settings, 

in spite of the muscle damage and soreness associated with fast bowling [15, 43].  

 

Cricket performance in this review was limited to training settings and cannot advance 

the understanding of the relationship between workload and/or physical preparation, 

and competition performance. A paucity exists in studies addressing cricket 

competition performance. 
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2.5.3 Physical Requirements of Fast Bowling 

Elite fast bowlers demonstrated the ability to maintain bowling performance across 

repeated bowling spells during a training setting [15]. The influence of environmental 

factors on performance and fatigue over repeated bowling spells remain under-

researched [15]. Investigations into the physical characteristics of fast bowlers are 

limited to comparisons of general strength and anthropometry assessments between 

senior and junior fast bowlers [37], and a descriptive study of a fast bowling cohort 

[38]. Findings in this review limit recommendations to coaching staff on the physical 

requirements of elite fast bowling.  

 

2.5.4 Measures of Workload 

Typically, GPS devices have been used in cricket to identify the different activity 

profiles across competition types. Shorter formats of cricket match-play have been 

associated with greater playing intensity [42]. Compared with other types of bowlers 

and field positions, fast bowlers not only experienced greater match-play demands [41, 

40, 30], but also had greater activity profiles during physical preparation [30]. Greater 

match and physical preparation workloads in fast bowlers differentially influenced the 

neuromuscular, endocrine and perceptual fatigue responses compared with non-fast 

bowlers [30]. Fast bowlers had greater cortisol and lower testosterone concentrations 

than non-fast bowlers, while perceived wellbeing was also greater in fast bowlers than 

non-fast bowlers. Differences in neuromuscular function (measured via a 

countermovement jump) remained unclear [30]. Nonetheless, it is likely that fast 
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bowlers were generally well-prepared for the workload requirements of fast bowling 

and cricket match-play.  

 

Along with the GPS technology, the microtechnology (i.e. tri-axial accelerometer and 

gyroscope) housed within the GPS unit has successfully been integrated to automate 

the monitoring of bowling workloads [46]. Automated bowling workload monitoring 

will likely increase accuracy of fast bowling workload measures. It is postulated that 

variability in bowling intensity arises from various training and competition workloads. 

Including all balls bowled in this workload definition may not provide an accurate 

measure of the intensity of the workload [50]. In conjunction with the current workload 

methodology of counting balls bowled, microtechnology may provide an opportunity 

to gain insight into bowling intensity via accelerometers and gyroscopes housed within 

wearable tracking devices. The relatively large number of citations recorded in articles 

using GPS or wearable technology in cricket may further highlight the direction and 

pace of cricket workload monitoring trends.  

 

2.5.6 Limitations 

Limitations in the current fast bowling literature remain. It is likely that the current 

longitudinal research has been influenced significantly by ever changing schedules in 

both domestic and international cricket. In this systematic review, 82% of the articles 

reviewed originated from Australia; applying these results to fast bowlers from other 

cricketing nations may require a degree of caution. Consideration should also be given 

to the potential influence of changing environmental factors, field sizes, and 

ground/pitch conditions that may change across the world. Also, within the limitation 
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of high performance cricket, it is possible that workload monitoring in aspiring 

cricketers may require additional research, given the increasing opportunities for year-

long cricket, even at the domestic level.  

 

2.6 Conclusions and Implications 

The physical preparation of elite cricketers has become more complex since 2005 when 

T20 cricket was introduced into both international and domestic schedules. T20 cricket 

is recognised as having greater intensity and reduced overall workload than multi-day 

cricket. Although it appears that elite fast bowlers may be prepared for the acute 

workload demands of fast bowling, injury likelihood increases when those acute 

workloads exceed the chronic workload history of the fast bowler. Workload in fast 

bowlers has typically been measured as balls bowled. Advances in GPS and 

microtechnology have allowed some insight into the workload variance of preparation 

and cricket match-play across formats. Despite the relatively significant evolution in 

match-play since 2005, there have been few descriptions in peer reviewed literature of 

relationships among elite fast bowling workload, injury and performance. Bowling 

performance has also been mostly limited to ball accuracy and velocity. Introducing 

novel and practical measures of performance aside from ball velocity and accuracy 

requires further exploration. Future research should aim to include the quality and 

intensity of fast bowling performance as a major dependent variable, improve the 

workload monitoring strategies utilised in elite fast bowlers, and advance the 

understanding of varying match-play demands on injury likelihood.  
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3.1 Abstract 

We investigated key fatigue and workload variables of cricket fast bowlers and non-

fast bowlers during a 7-week physical preparation and 10-day intensified competition 

period. Twenty-six elite junior cricketers (mean ± SD age, 17.7 ± 1.1 yr) were classified 

as fast bowlers (n=9) or non-fast bowlers (n=17). Individual workloads were measured 

via GPS technology and neuromuscular function (countermovement jump [relative 

power and flight time]), endocrine (salivary testosterone and cortisol concentrations) 

and perceptual well-being (soreness, mood, stress, sleep quality, and fatigue) markers 

were recorded. Fast bowlers performed greater competition total distance [median 

(interquartile range) 7049 (3962) m vs 5062 (3694) m], including greater distances at 

low and high speeds, more accelerations [40 (32) vs 19 (21)], and higher Player Load™ 

[912 (481) arbitrary units vs 697 (424) arbitrary units] than non-fast bowlers. (Mean ± 

90% CI, % likelihood) cortisol concentrations were higher in the physical preparation 

(d = -0.88 ± 0.39, 100%) and competition phases (d = -0.39 ± 0.30, 85%), and 

testosterone concentrations lower (d = 0.56 ± 0.29, 98%) in the competition phase in 

fast bowlers. Perceptual well-being was poorer in non-fast bowlers during competition 

only (d = 0.36 ± 0.22, 88%). Differences in neuromuscular function between groups 

were unclear during physical preparation and competition. These findings demonstrate 

differences in the physical demands of cricket fast bowlers and non-fast bowlers, and 

suggest that these external workloads impact differentially on the neuromuscular, 

endocrine and perceptual fatigue responses of these players.  
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3.2 Introduction 

Cricket is a popular team sport, played predominantly in Commonwealth countries. 

Comprising two teams of 11 players, specific positional roles can be classified into 

various sub-categories including batsmen, bowlers (sub-categories fast, medium, spin) 

and fielders (sub-categories wicket-keepers, inner and outer). Finer classifications 

within these sub-categories can also be identified. Whilst each player has specific roles 

within a team, all players are required to field throughout the course of a game. 

Variations in game formats exist including multi-day, 50-over and 20-over cricket. 

Differences between formats are identified in the length of each match with multi-day 

cricket lasting up to 5 consecutive days, and 50-over and 20-over matches completed 

in approximately 8 and 4 hours, respectively.  

 

Time motion analysis has been used to describe the physical demands of cricket batting 

and fielding [51]. Global positioning system technology has contributed to an 

understanding of the differences in match load and intensities between 1-day and multi-

day cricket formats. Peterson and colleagues identified differences in match intensity 

between fast bowlers and non-fast bowlers; fast bowlers covered more distance and at 

greater intensities than non-fast bowlers [40]. In the same study it was identified that 

game format also influenced the load and intensity on fast bowlers and non-fast 

bowlers, with 20-over matches resulting in higher average intensities than 50-over and 

multi-day cricket. Previous research has identified that while 1-day cricket formats had 

greater intensities, multi-day cricket involved greater overall load [42]. The activity 

profiles of competitive match-play and cricket training activities typically used to 

develop skill and physical fitness have also been investigated [41]. Peterson and 

colleagues found higher heart rate and blood lactate concentration during conditioning 
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training than competition [41]. Few other studies have investigated the physical 

demands of cricket, with the majority of these studies limited to the acute responses to 

cricket-related tasks reporting heart rate, blood lactate concentration and hydration 

status in bowling spells [52, 53]. Duffield and colleagues investigated both 

physiological and performance responses to repeated spells of fast bowling; 6-over 

spells of fast bowling resulted in increases in rating of perceived exertion (peaking at 

6.5 ± 0.8 arbitrary units), blood lactate concentration (from 1.5 ± 0.3 to 5.0 ± 1.5 

mmol.L-1), and reductions in blood glucose concentrations (from 6.3 ± 0.7 to 5.4 ± 0.4 

mmol.L-1) [15]. Collectively, these findings highlight the intense physical demands of 

cricket fast bowling. 

 

Several studies have monitored the fatigue response of team and individual sport 

athletes using a wide range of testing protocols including countermovement jumps 

(CMJ), salivary endocrine markers (e.g. testosterone and cortisol concentrations) and 

perceptual well-being questionnaires [54, 55]. Although no single marker has 

established sensitivity to detect overall fatigue in sporting populations [13], these 

measures offer a useful method of monitoring the physical and emotional responses of 

athletes to a given workload [56]. However, while the physical demands of cricket 

match-play have previously been described, and differences in match load and 

intensities exist between fast bowlers and non-fast bowlers, no study has monitored 

markers of fatigue during preparation and competition periods in the same cricketers. 

The paucity of research detailing the demands of fast bowling is surprising, particularly 

given reports of higher injury rates than other playing positions [22, 57]. Furthermore, 

given that the majority of fast bowling injuries have been attributed to “overuse” 

mechanisms [17], an understanding of the physical preparation and match loads of fast 
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bowlers, and fatigue associated with these activities would appear critical to ensure the 

health and fitness of these athletes [17]. 

 

To date, no study has investigated the physical preparation and match-play workloads 

of cricketers, and described the endocrine, neuromuscular, and perceptual fatigue 

associated with playing this sport. Furthermore, the relative physiological stress 

imposed on fast bowlers and non-fast bowlers has yet to be identified. With this in 

mind, the purpose of this study was to profile and identify key fatigue and workload 

variables of cricket fast bowlers and non-fast bowlers during a 7-week physical 

preparation period and an intensified 10-day competition period.  

 

3.3 Methods 

 

3.3.1 Subjects 

Twenty-six male cricketers (mean ± SD age, 17.7 ± 1.1 yr) selected in the New South 

Wales National Cricket Championship squads participated in this study. All 

participants were highly motivated players from two separate aged group squads 

(Under 17 and Under 19). All players were competing for their individual clubs and 

training with the elite age group squads, and were injury free at the start of the study. 

All participants received a clear explanation of the study, and written consent was 

obtained. The Australian Catholic University Human Research Ethics Committee 

approved all experimental procedures.  

 

3.3.2 Research Design 

This study described the workloads and markers of neuromuscular, endocrine and 
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perceptual fatigue of male cricketers in response to a 7-week physical preparation 

period and 10-day intensified period of competition. Physical preparation consisted of 

one structured session per week and at least one other club/school training session and 

match per week. Each training session was defined from the beginning to the 

completion of any prescribed physical activity or exercise by the coach. These sessions 

had consistent start and completion times. The competition schedule was made up of 

three 50-over matches, two 2-day matches, and two 20-over matches. This schedule 

allowed for rest on days 4 and 7 of the tournament.  

 

3.3.3 Workload Measures 

Movement was recorded by a GPS unit (minimax S4, Catapult Innovations, Melbourne, 

Australia) sampling at 10 Hz. Players wore the GPS unit in a small vest, on the upper 

back during both physical preparation and competition. The 10 Hz GPS units have 

acceptable reliability for speed, distance, position, and acceleration data [58]. 

Additional data were collected from the unit’s tri-axial accelerometer, sampling at 100 

Hz to calculate Player Load™ [24]. One hundred and seventy match files and 83 

physical preparation files were collected over the 7-week preparation and 10-day 

competition periods. Participants were assigned to one of two different groups; fast 

bowlers (n=9) and all other players (non-fast bowlers) (n=17). Players were defined 

and allocated to the 2 positional groups by coaching staff.  

 

The following movement categories were used: (a) low-speed activity 0-5 m/s; (b) high-

speed running ≥5.1 m.s-1; and (c) sprinting ≥7.1 m.s-1 [59]. Data were also classified 

into moderate (1.12-2.78 m.s-2), and maximal (≥2.79 m.s-2) acceleration bands [59]. 

Logan Plus 4.7.1 software (Catapult Innovations, Melbourne, Australia) was used to 
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process all GPS and accelerometer data. Player Load™ was calculated in Logan Plus 

using accelerometer data as previously described [24, 60]. 

 

3.3.4 Fatigue Markers 

A reduction in neuromuscular, hormonal and/or biological status will indicate that 

athletic performance may be compromised. 

  

3.3.4.1 Performance Measures 

Baseline CMJ data were collected prior to commencement of the training session or 

match. A standardized warm up was performed prior to completion of the CMJ. This 

warm up included dynamic stretches and a series of running patterns that progressively 

increased in intensity. A single CMJ was collected after this warm up and standardized 

practice jumps. Following adequate recovery, each participant completed a series of 5 

continuous CMJs. All CMJs were completed with athletes keeping their hands on their 

hips. No instruction was given on the depth of the jump [54].  

 

All jumps were performed on a Kistler Quattro Force Plate (Kistler, Winterthur, 

Switzerland), and collected using Quattro Jump software (Kistler, Winterthur, 

Switzerland). Once collected, data were exported into a customized Microsoft Excel 

Spreadsheet (Microsoft, Redmond, USA) for further analysis of relative peak power 

and flight time. Coefficients of variation (CV) as a percentage of the relative peak 

power and flight time were 3.4% and 5.7%, respectively. 

 

3.3.4.2 Perceptual Fatigue Measures 

Subjective perceptions of well-being were reported for each training session and 
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throughout each day of competition. Subjective perceptions of well-being were 

assessed using a 5 point scale for fatigue, sleep quality, general muscle soreness, stress 

levels and mood with lower scores indicating a poorer state of well-being [61]. The CV 

as a percentage of the perception of well-being was 4.2%. 

 

3.3.4.3 Endocrine Measures 

Salivary analysis was used to measure testosterone and cortisol responses to physical 

preparation and competition demands. Saliva samples were collected using a 10 mm x 

30 mm salivary oral swab (Salimetrics, PA, USA). Saliva samples were collected at 8 

am on Thursday mornings during the physical preparation phase and every day during 

competition. Participants were instructed to place the oral swab underneath their tongue 

for one minute and then place the swab in the storage cryovial. Participants refrained 

from eating for 60 minutes prior to collection. All saliva samples were stored at -20° C 

until subsequent analysis. Cortisol and testosterone were determined in duplicate by 

enzyme-linked immunosorbent assay (Salimetrics, PA, USA) using a microplate reader 

(XMark, BioRad, CA, USA). Coefficients of variation as a percentage of the 

testosterone and cortisol assays were 9.2% and 3.0%, respectively.  

 

3.3.5 Statistical Analysis 

To eliminate the variation of individual patterns and fluctuations of CMJ measures, all 

CMJ data were converted to a Z-score calculated for each individual player before 

analysis. Z-scores were calculated with the following formula: (individual cricketers 

score—individual cricketers average) divided by individual cricketer’s standard 

deviation. Data were tested for normality using a Shapiro-Wilk test. As GPS data were 

not normally distributed, Cliff’s Delta (Cd) and 90% CI were used as a measure of ES. 
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Median and interquartile ranges where reported for all non-normally distributed data 

[61, 62]. Cliff’s Delta scores were defined as 0.15 = small, 0.33 = moderate, and 0.47 

= large [64]. 

 

Salivary testosterone and cortisol concentrations, CMJ, and perceptual well-being data 

were log transformed to reduce bias as a result of non-uniformity of error. Cohen’s 

effect size statistic (d) with 90% CI was used to compare the magnitude of difference 

between fast bowlers and non-fast bowlers. Cohen’s effect sizes of 0.2, 0.5 and >0.8 

were considered small, moderate and large, respectively [65]. Magnitudes of 

differences between the two groups were classified as substantially greater or lesser 

when there was a ≥75% likelihood of the effect being equal to or greater than the 

smallest worthwhile change (SWC) estimated as 0.2 x between-subject standard 

deviation (small ES). Effects with less certainty were classified as trivial and where the 

± 90% CI of the ES crossed the boundaries of ES −0.2 and 0.2, the effect was reported 

as unclear [66].  

 

3.4 Results 

The median distance covered by fast bowlers was greater than non-fast bowlers in both 

the physical preparation (Cd=0.34 ± 0.2, 94%) and competition (Cd=0.36 ± 0.18, 97%) 

settings (Table 2).  The greater distance covered by fast bowlers was achieved through 

greater distances at both low and high speeds. The fast bowlers’ frequency of maximal 

accelerations were greater than non-fast bowlers for both physical preparation 

(Cd=0.43 ± 0.21, 99%) and competition (Cd=0.55 ± 0.27, 99%). Player Load™ was 

greater in fast bowlers in competition (Cd=0.32 ± 0.16, 96%) but unclear in the physical 

preparation period (Cd=0.16 ± 0.2, 53%). 
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Table 2. Activity profiles during physical preparation and competition in fast bowlers and non-fast bowlers.  

Variable  Physical Preparation Cd ± 90%CI, %Likelihood Competition Cd ± 90%CI, %Likelihood 

Distance (m) Fast Bowlers 5372 (3635) 0.34 ± 0.2, 94% 7049 (3962) 0.36 ± 0.18, 97% 

Non-Fast 

Bowlers 

3509 (2797) 5062 (3694) 

Low Speed Distance (m) Fast Bowlers 5603 (3322) 0.31 ± 0.2, 91% 6546 (3433) 0.30 ± 0.16, 94% 

Non-Fast 

Bowlers 

3395 (2673) 4915 (3441) 

High Speed Distance (m) Fast Bowlers 280 (300) 0.54 ± 0.26, 91% 472 (492) 0.90 ± 0.44, 100% 

Non-Fast 

Bowlers 

32 (112) 60 (88) 

Fast Efforts (#) Fast Bowlers 24 (26) 0.62 ± 0.3, 99% 31 (28) 0.89 ± 0.44, 100% 

Non-Fast 

Bowlers 

3 (9) 4 (7) 

Player Load™ (au) Fast Bowlers 703 (450) 0.16 ± 0.2, 53% 912 (481) 0.32 ± 0.16, 96% 

Non-Fast 

Bowlers 

598 (427) 697 (424) 

Acc 1.12-2.78m.s-2(#) Fast Bowlers 35 (30) 0.43 ± 0.21, 99% 40 (32) 0.55 ± 0.27, 99% 

Non-Fast 

Bowlers 

18 (21) 19 (21) 

Acc >2.78 m.s-2 (#) Fast Bowlers 1 (2) 0.05 ± 0.19, 76%  1 (3) 0.04 ± 0.18, 81% 

Non-Fast 

Bowlers 

1 (3) 1 (3) 

Relative Distance (m/min) Fast Bowlers 49 (23) 0.33 ± 0.2, 91% 70 (16) 0.62 ± 0.31, 99% 

Non-Fast 

Bowlers 

39 (26) 57 (22) 

Low Speed (m/min) Fast Bowlers 46 (19) 0.31 ± 0.2, 91% 64 (16) 0.52 ± 0.26, 99% 

Non-Fast 

Bowlers 

38 (25) 50 (21) 

High Speed (m/min) Fast Bowlers 2 (3) 0.53 ± 0.26, 99% 5(3) 0.91 ± 0.45, 100% 

Non-Fast 

Bowlers 

0.3 (1.4) 0.6 (0.9) 

Fast Efforts (#/min) Fast Bowlers 0.2 (0.2) 0.63 ± 0.31, 99% 0.3 (0.2) 0.90 ± 0.44, 100% 

Non-Fast 

Bowlers 

0.02 (0.1) 0.04 (0) 

Player Load™ (au/min) Fast Bowlers 7 (3) 0.21 ± 0.2, 69% trivial 9 (3) 0.49 ± 0.24, 99% 

Non-Fast 

Bowlers 

6 (3) 6 (3) 

Acc 1.12-2.78 m.s-2 (#/min) Fast Bowlers 0.4 (0.2) 0.50 ± 0.24, 99% 0.4 (0.2) 0.59 ± 0.29, 99% 

Non-Fast 

Bowlers 

 

 

0.2 (0.2) 0.2 (0.1) 
Acc >2.78 m.s-2 (#/min) Fast Bowlers 0.01 (0) 0.04 ± 0.17, 84% 0.01 (0) 0.04 ± 0.17, 82% 

Non-Fast 

Bowlers 

0.01 (0) 0.01 (0) 

Data are median (interquartile range). Acc = acceleration.   Cliff’s Delta (Cd) scores were defined as 0.15 = small, 0.33 = moderate, and 0.47 = large. Differences between 

the two groups were classified as substantially greater or lesser when there was a ≥75% likelihood of the effect being equal to or greater than the smallest worthwhile 

change estimated as 0.2 x between-subject standard deviation. 
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The CMJ relative power (CMJRelP) and flight time (CMJFTime) over the physical 

preparation and competition phases are shown in Figures 5 and 6, respectively. 

Differences in CMJRelP between the fast bowling and non-fast bowling groups were 

unclear in both the physical preparation (d = -0.16 ± 0.38, 51%) and competition phases 

(d = 0.19 ± 0.24, 53%). Differences in CMJFTime between the fast bowling and non-

fast bowling groups were also shown to be unclear in the physical preparation (d = 0.34 

± 0.47, 69%) and competition phases (d = 0.02 ± 0.23, 84%). 

 

 

Figure 5. Counter movement jump relative power for fast bowlers and non-fast 

bowlers during training and competition. 
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Figure 6. Counter movement jump flight time for fast bowlers and non-fast bowlers 

during training and competition.  

 

Over the physical preparation period, the fast bowling group recorded almost certainly 

greater cortisol concentrations (d = -0.88 ± 0.39, 100%) than the non-fast bowling 

group. Figure 7 shows that this trend was consistent over the entire 7 weeks.  Cortisol 

concentrations were also likely greater in the fast bowling group during the competition 

phase (d = -0.39 ± 0.30, 85%) (Table 3). The fast bowling group recorded greater mean 

cortisol concentrations for over 70% of the competition phase; the non-fast bowling 

group recorded greater mean concentrations in the final three days of competition only.  
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Table 3. Differences in neuromuscular, endocrine and perceptual well-being between fast bowlers and non-fast bowlers during the physical preparation and 

competition phases. 

Test 
Fast Bowlers vs. Non-Fast Bowlers 

Physical Preparation (d ± 90%CI, % Likelihood) Competition (d ± 90%CI, % Likelihood) 

CMJRelP 
-0.16 ± 0.38, 51% trivial 0.19 ± 0.24, 53% trivial 

Unclear Unclear 

CMJFTime 
0.34 ± 0.47, 69% 0.02 ± 0.23, 84% trivial 

Unclear Unclear 

Cortisol Concentration 
-0.88 ± 0.39, 100% -0.39 ± 0.30, 85% 

Almost certainly negative (FB>Non) Likely negative (FB>Non) 

Testosterone Concentration 
0.22 ± 0.33, 55% 0.56 ± 0.29, 98% 

Unclear Very likely positive (Non>FB) 

Perceptual Well-being 0.31 ± 0.39, 68% -0.36 ± 0.22, 88% 

Unclear Likely negative (FB>Non) 

Data are reported as Cohen’s effect size (d) ± 90% confidence intervals (CI) and qualitative descriptors.  FB = Fast Bowling group; Non = Non-Fast Bowling 

group.  CMJRelP = Countermovement jump relative power; CMJFTime = Countermovement jump flight time. Differences between the two groups were classified 

as substantially greater or lesser when there was a ≥75% likelihood of the effect being equal to or greater than the smallest worthwhile change estimated as 0.2 x 

between-subject standard deviation. Cohen’s d was defined as 0.2 = small, 0.5 = moderate and >0.8 = large.  
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Figure 7. Cortisol concentrations for fast bowlers and non-fast bowlers during training and 

competition. All scores are transformed using the log function. 

 

During the competition phase, testosterone concentrations were very likely greater in the non-

fast bowling group (d = 0.56 ± 0.29, 98%) than the fast bowling group. Differences in 

testosterone concentrations between the fast bowling and non-fast bowling groups were unclear 

in the physical preparation phase (d = 0.22 ± 0.33, 55%) (Figure 8). 
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Figure 8. Testosterone concentrations for fast bowlers and non-fast bowlers during training and 

competition. All scores are transformed using the log function. 

 

Well-being scores were shown to be likely greater in the fast bowling group during the 

competition phase (d = -0.36 ± 0.22, 88%). Differences in well-being scores between the fast 

bowling and non-fast bowling groups were unclear in the physical preparation phase (d = 0.31 

± 0.39, 68%) (Figure 9).  
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Figure 9. Perceptual well-being scores for fast bowlers and non-fast bowlers during training 

and competition. All scores are transformed using the log function. 

 

 

3.5 Discussion 

This study investigated key workload and fatigue differences between fast bowlers and non-

fast bowlers during a 7-week physical preparation period and 10-day period of intensified 

competition. The results demonstrated that fast bowlers consistently performed at greater 

intensities and performed more high speed running than non-fast bowlers. Furthermore, fast 

bowlers exhibited greater physical preparation and competition cortisol concentrations, lower 

competition testosterone concentrations, less perceptual fatigue during competition, and similar 

CMJ performances to non-fast bowlers. Overall, these findings demonstrate differences in the 

physical demands of cricket fast bowlers and non-fast bowlers, and that these external 
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workloads impact differentially on the neuromuscular, endocrine and perceptual fatigue 

responses of these players. 

 

Fast bowlers completed greater external workloads (reflected by greater amounts of low speed 

activity, high speed running, and higher Player Load™ scores) during competition and physical 

preparation than non-fast bowlers. These findings support previous studies identifying the 

physical demands of cricketers [40]. The higher physical preparation workloads in the fast 

bowling group are likely to reflect the preparation required to successfully participate in 

competition. Given that fast bowlers are required to participate in batting and fielding training 

drills, it is likely that the difference in physical preparation workloads between groups can be 

attributed to the act of fast bowling itself. Identifying whether the fast bowling task is the sole 

explanation for variations in competition workloads is more complicated, as individual fielding 

positional requirements, the random nature of player’s involvement in a match event, and 

variations in the length of time before a batsman is dismissed may all influence the external 

work performed by fast bowlers. 

 

We found higher cortisol concentrations across the physical preparation and competition 

periods in fast bowlers than non-fast bowlers. The higher cortisol concentrations are possibly 

linked to the higher workloads and intensities of these players relative to non-fast bowlers. 

Alex-Sy et al [67] reported elevated cortisol concentrations during a pre competition period in 

soccer players, and showed that the endocrine responses coincided with increases in emotional 

stress. The poorer perceptions of well-being during competition, coupled with the higher 

cortisol concentrations in the non-fast bowlers in the final 3 days of the competition period, 

may reflect the greater psychological stress associated with batting in cricket [68]. 
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The results of this study also showed lower testosterone concentrations in fast bowlers during 

the competition period.  Previous studies of adolescent rugby players have identified 

testosterone concentrations as a better measure of tiredness (as estimated from a self-reported 

questionnaire) than cortisol concentrations [55]. While our results are in general agreement with 

those of Maso et al [55], there may be differences in the training activities of rugby players and 

cricketers that require consideration when interpreting individual testosterone responses as a 

measure of tiredness.  It is likely that rugby players participate in a greater volume of resistance 

training sessions, and are also exposed to significantly greater contact demands than cricketers, 

which may influence the acute testosterone concentration responses [69]. 

 

Previous studies have shown neuromuscular function changes over the course of a competition 

week and playing season in Australian football and rugby league players [54, 61]. In the present 

study, there was no clear evidence that neuromuscular function deteriorated during the physical 

preparation or competition periods. It is possible that the total training load prescribed during 

the physical preparation period in the cricket players of the present study was insufficient to 

reduce neuromuscular function in these athletes. Indeed, in comparison with Australian 

football, fast bowlers have been shown to complete less than half the total metres per minute 

during competition [60], and exhibit significantly lower training intensities than other team 

sports [70]. Furthermore, this study only assessed lower body neuromuscular function. It is 

possible that an upper body neuromuscular function test might provide greater sensitivity for 

detecting neuromuscular fatigue, particularly in the fast bowling group.  

 

A major new finding of this study was the uncoupling of neuromuscular, endocrine and 

perceptual fatigue markers in response to external load, particularly during the competition 

period. Although results from competition cortisol and testosterone concentrations suggested 
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that fast bowlers were in a greater catabolic state than non-fast bowlers, neuromuscular function 

was maintained at levels comparable to non-fast bowlers. Furthermore, fast bowlers reported 

less perceptual fatigue than non-fast bowlers. While the endocrine, neuromuscular and 

perceptual measures used in this study have been routinely used as markers of fatigue, previous 

investigators have commonly reported that no single marker has adequate sensitivity to detect 

the fatigue associated with intense sporting activities [56]. It is also possible that the sensitivity 

of some markers could be sport-specific.  That is, the markers used to identify fatigue in some 

high-intensity (e.g. soccer) [67] or collision (e.g. Australian football, rugby league) [54, 61] 

sports may differ from the markers used to identify fatigue in cricket. Equally, fast bowlers may 

be better physically and psychologically prepared to tolerate higher competition loads. Indeed, 

fast bowlers performed higher external loads in both physical preparation and competition. It 

is likely that these external loads during training led to greater resilience during the competition 

period as reflected in the greater perceptions of well-being and maintenance of neuromuscular 

function during competition.  

 

While this study has described important workload and fatigue variables associated with cricket 

physical preparation and competition, several limitations warrant discussion.  Firstly, our 

sample size was relatively small, and consequently our statistical power is likely to be low.  We 

reconciled this limitation with the knowledge that the players included in this study were the 

best junior (Under 17 and 19) cricketers in the state, and were preparing for, and competing in 

the highest level of competition in the country.  Secondly, while the training demands during 

the physical preparation period were documented, it was not possible to control or monitor any 

additional activities that players performed outside of these structured physical preparation 

sessions and matches.  Finally, while these results have direct applications to elite junior cricket 

players, it is likely that the physical demands and fatigue associated with senior international 
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cricket differs significantly from the present results.  As such, these results are unlikely to be 

generalizable to elite first-class cricketers.  

 

3.6 Conclusions 

In conclusion, we investigated the external workloads and fatigue responses of fast bowlers and 

non-fast bowlers during a 7-week physical preparation period and 10-day period of intensified 

competition. The results of this study demonstrate that fast bowlers perform at greater 

intensities and perform more high speed running than non-fast bowlers. Fast bowlers exhibit 

greater physical preparation and competition cortisol concentrations, lower competition 

testosterone concentrations, less perceptual fatigue during competition, and similar CMJ 

performances to non-fast bowlers. These findings demonstrate differences in the physical 

demands of cricket fast bowlers and non-fast bowlers, and that these external workloads impact 

differentially on the neuromuscular, endocrine and perceptual fatigue responses of these 

players. 

 

3.7 Practical Applications 

Questionnaire based well-being measures are a cost effective and simple tool to monitor fatigue 

in athletes [13]. Interpretations of questionnaire based well-being data should be considered 

closely in cricketers. For example, variations in performances and emotional stresses in non-

fast bowlers during competition periods may influence perceptions of fatigue to a greater degree 

than the physical load associated with the competition itself. 

 

Monitoring neuromuscular function, via CMJs has been shown to be a useful marker of fatigue 

in team based sports [70]. In this study, CMJs were limited in identifying changes in 

neuromuscular function. These results suggest that the prescribed training loads were either 
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insufficient to elicit neuromuscular fatigue, or that players were physically and psychology 

prepared to tolerate the loads prescribed during the physical preparation and competition 

periods.  A combination of neuromuscular, endocrine, and perceptual markers may facilitate 

the identification of fatigue during cricket training and competition. 
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Chapter 4: The validity of microsensors to automatically detect bowling events and 

counts in cricket fast bowlers 
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4.1 Abstract 

Bowling workload is linked to injury risk in cricket fast bowlers. This study investigated the 

validity of microtechnology in the automated detection of bowling counts and events, including 

run up distance and velocity in cricket fast bowlers. Twelve highly skilled fast bowlers (mean 

± SD age; 23.5 ± 3.7 yr) performed a series of bowling, throwing, and fielding activities in an 

outdoor environment during training and competition, while wearing a microtechnology unit 

(MinimaxX). Sensitivity and specificity of a bowling detection algorithm was determined by 

comparing the outputs from the device with manually recorded bowling counts.  Run up 

distance and run up velocity were measured and compared with microtechnology outputs. No 

significant differences were observed between direct measures of bowling and non-bowling 

events and true positive and true negative events recorded by the MinimaxX unit (P=0.34, r = 

0.99). The bowling detection algorithm was shown to be sensitive in both training (99.0%) and 

competition (99.5%). Specificity was 98.1% during training and 74.0% during competition. 

Run up distance was accurately recorded by the unit with a percentage bias of 0.8% (r = 0.90). 

The final 10 m (-8.9%, r = 0.88) and 5 m (-7.3%, r = 0.90) run up velocities were less accurate. 

The bowling detection algorithm from the MinimaxX device is sensitive to detect bowling 

counts in both cricket training and competition. Although specificity is high during training, 

the number of false positive events increased during competition. Additional bowling workload 

measures require further development. 
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4.2 Introduction 

Cricket is a popular team sport, played predominantly in Commonwealth countries. Comprising 

two teams of 11 players, specific roles of players can be classified into various sub-groups 

including batsmen, fast bowlers, spin bowlers and wicket keepers. Fast bowlers usually account 

for three to five of the 11 players within each team. Competition bowling workloads depend on 

both match type and the match play strategy adopted by the team captain, whilst training 

workloads reflect the volume, intensity, and frequency prescribed by team coaches and support 

staff. 

 

Fast bowlers have greater physical workloads and higher injury rates than other player types 

[22, 40]. To date, fast bowling workload monitoring has been limited to the number of balls 

bowled. When self-reported accurately, this is a cost effective and practical method of 

monitoring bowling workload for large groups of athletes. However, there is the potential for 

inaccuracies in athlete self-reporting, particularly during training. In elite cricket, where fast 

bowling workloads have been attributed to injury likelihood, accurate measures of workload 

are vital in the management of fast bowlers. 

 

With the assumption that not every ball bowled during training is representative of competition 

intensity, the simple method of reporting all balls bowled becomes a relatively broad definition 

of bowling workload. Ball speed is attributed to various parts of the bowling action including 

the run up speed [71]. Modification of bowling action may influence the delivery speed and 

bowling performance, as well as the total load experienced by the bowler during that event. 

Bowling workload monitoring has also been identified as vital in both injury prevention and 

physical conditioning [22]. Given the demanding nature of fast bowling, and the high risk of 
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injury, efficient and accurate measures of bowling events are vital in understanding the 

workloads of fast bowlers and the fatigue associated with this activity. 

 

Global positioning system technology has been shown to provide a valid measure of 

acceleration, velocity and total distance [58, 72]. This technology has contributed to an 

understanding of the differences in match load and intensities between one-day and multi-day 

cricket formats [42, 41]. With the addition of accelerometer and gyroscope technologies, these 

microtechnology units have become a powerful tool in monitoring athlete workloads. Indeed, 

manufacturers of microtechnology units have designed specific algorithms that have been used 

in other team sports to automatically identify important match and training events [41]. 

Researchers in collision sports have previously validated the automated quantification of 

tackles using microtechnology units [18, 25]. However, the accuracy of this system in fast 

bowling is yet to be validated. The significance of such a tool for fast bowling workload 

monitoring is twofold. First, it may improve the accuracy and ease in identification of important 

competition events, and second, it may allow for greater accuracy and easier interpretation of 

segmented and total bowling workloads during training.  

 

With this in mind, the primary aim of this study was to validate the use of microtechnology 

devices in the automated detection of bowling events and counts in cricket fast bowlers during 

training and competition against current monitoring methods. A secondary aim of this study 

was to further refine the monitoring of bowling intensities, more specifically, run up velocity 

and distance. This will advance the methods and accuracy of elite fast bowling workload 

monitoring during training and competition.  
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4.3 Methods 

4.3.1 Subjects 

Twelve highly skilled fast bowlers (mean ± SD age; 23.5 ± 3.7 yr) participated in this study. 

Participants were competing professionally (International, n = 2; First class, n = 8), or in a first 

grade competition (n = 2) at the time of the study. Both right handed (n = 9) and left-handed (n 

= 3) bowlers participated in this study. All participants were free from injury or any other 

medical condition that would compromise participation. All participants received a clear 

explanation of the study, and written consent was obtained. The Australian Catholic University 

Human Research Ethics Committee approved all experimental procedures. 

 

4.3.2 Design 

This cohort study investigated the accuracy of the automated detection of bowling events and 

ball counts in cricket using microtechnology devices. Participants were asked to perform 

normal bowling training to a batter in a net situation. Participants were then asked to perform a 

series of non-bowling events, including (i) run throughs ending in a single leg bound, and (ii) 

run throughs with a return throw. During data collection, each participant wore a GPS unit 

(MinimaxX S4, Catapult Innovations, Melbourne, Australia) in a small vest on their upper back. 

The GPS unit sampled at 10 Hz.  The unit also housed tri-axial accelerometers, gyroscopes, and 

magnetometers, sampling at 100 Hz. Data collected by the microtechnology unit was processed 

secondarily using specifically designed software (Catapult Sprint, Catapult Innovations, 

Melbourne, Australia). The software produces fast bowling workload outputs when a pre-

determined series of criteria are met in gyroscope, accelerometer and GPS data. All data 

collection was completed outdoors.  

 

  



 75 

4.3.3 Methodology 

The project was completed in three phases: 

Phase 1 Bowling Events: Ten participants performed a total of 288 bowling events during net 

training sessions.  Direct measures of bowling counts were completed in real-time by the 

researchers and verified using video notational analysis. Comparisons were made between the 

automated bowling counts obtained from the MinimaxX GPS units and the direct measures of 

bowling counts. The automatic detection of bowling counts is completed via an algorithm that 

marks a bowling action based on a series of events including; the detection of back foot contact 

defined by the directional change in the forwards accelerometer, and peaks in the rotation speed 

of the upper torso, greater than 500 degrees per second that is conditioned on a sufficient 'roll-

like' rotation (Figure 10). Run up distance was measured from the bowlers set run up and ended 

with front foot contact. The average velocity of the run up was measured in the final 10 m and 

5 m of the run up using a dual-beam light gate system (Swift Performance Equipment, Brisbane, 

Australia). The direct measures of run up distance and velocities were compared against the 

measures obtained from the MinimaxX GPS unit.   

 

Phase 2: Non-Bowling: Ten participants performed a total of 160 non-bowling events during 

training sessions.  The non-bowling events included: (i) a 20 m run through, without a ball 

being bowled, and (ii) a 15 m run to receive a ball and return a throw. The data recorded by the 

MinimaxX unit was analysed for false detections of bowling events.  

 

Phase 3: Competition Events: Players also wore the MinimaxX devices during a series of 50 

over matches. During competition, a total of 214 bowling events were recorded in five bowlers. 

True negative events were recorded when the following criteria were met; no bowling event 

was directly observed or recorded by the MinimaxX unit and a fast effort was recorded by the 
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MinimaxX unit. Fast efforts were defined as a running velocity greater than 5.1 m.s-1 or 

accelerations greater or equal to 2.78 m.s-2 [30, 73]. Previous studies have identified mean run 

up velocities in fast bowlers as being greater than 5.4 ± 0.4 m.s-1 which is in excess of the fast 

effort recorded by the unit [15].  

 

Figure 10. Axis’ for yaw, pitch, and roll in the MinimaxX gyroscopes.  

 

4.3.4 Statistical Analysis 

Data were cross-validated to determine the accuracy of the bowling detection algorithm.  The 

proportion of true positive and negative results, and false positive and negative results were also 

determined to allow the calculation of sensitivity and specificity values (Table 4). The 

relationship between the MinimaxX data and direct measures of balls bowled were assessed 

using the Pearson product moment correlation coefficient.  MinimaxX and direct measure data 

were compared using independent t-tests and significance was set as P<0.05. Run up distance 

and velocity measures from the direct measures and MinimaxX GPS unit were compared using 

the percentage bias and standard error of the estimate.  
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Table 4. Definition of true positive and negative, and false positive and negative bowling events recorded by the MinimaxX microtechnology unit. 

Training 

True Positive True Negative False Positive  False Negative 

Bowler bowled a ball and was 

recorded by the MinimaxX unit. 

 

Bowler did not bowl a ball during a 

pre-determined cricket fielding 

activity and the MinimaxX unit 

detected no bowling event.  

Bowler did not bowl a ball during a 

pre-determined cricket fielding 

activity and the MinimaxX unit 

detected a bowling event. 

Bowler bowled a ball and was not 

recorded by the MinimaxX unit. 

 

Competition 

True Positive True Negative False Positive  False Negative 

Bowler bowled a ball and was 

recorded by the MinimaxX unit. 

 

Meets all of the following criteria: 

- Bowler is not directly recorded as 

bowling a ball or detected as 

bowling a ball by the MinimaxX 

unit. 

- The MinimaxX unit records an 

effort of greater than 5.1 m.s-1 OR 

an acceleration greater than 2.78 

m.s-2. 

MinimaxX unit records a ball being 

bowled when there is no direct 

measure of a ball being bowled. 

Bowler bowled a ball and was not 

recorded by the MinimaxX unit. 
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4.4 Results 

No differences (P = 0.34) were detected between the direct bowling counts and 

MinimaxX detection counts in either training or competition. A very strong correlation 

(r = 0.99) was identified between direct bowling counts and bowling counts recorded 

by the MinimaxX unit during both training and competition (Figure 11).  No differences 

(P = 0.19) were detected between the direct non-bowling tasks and MinimaxX true 

negative events in training. A very strong correlation (r = 0.99) was observed between 

direct non-bowling tasks and MinimaxX true negative events in training.  

 

 

Figure 11. Comparison of direct measures of bowling count and MinimaxX bowling 

count during competition and training.  
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During training, both non-bowling and bowling events were observed to monitor the 

accuracy of the MinimaxX automated detection of bowling events and counts. A total 

of 448 events were observed during training, with detection of six false bowling events. 

Three of these events were categorised as false positive during dedicated bowling 

training (99.0% specificity) and three were classified as false negative during dedicated 

non-bowling fielding training (98.1% sensitivity) (Table 5). 

 

Table 5. Accuracy of the MinimaxX microtechnology unit for the automated detection of 

bowling events during training. 

  
Ball bowled during training 

(as determined by direct bowling count) 

  Ball Bowled Ball Not Bowled 

Automated detection of ball 

bowled during training 

Bowling Event 

Automatically 

Detected 

True Positive =  

285 

False Positive =  

3 

Bowling Event 

Not Automatically 

Detected 

False Negative =  

3 

True Negative =  

157 

  
Sensitivity =  

99.0% 

Specificity =  

98.1% 

 

During competition, a total of 345 events were observed, of which 214 were fast 

bowlers bowling a ball. The MinimaxX unit recorded a sensitivity of 99.5% for 

detecting bowling counts; only one fast bowling detection failure was recorded. The 

remaining events observed totalled 131, with 34 false positive bowling events and 97 

true negative events being recorded by the MinimaxX unit (74.0% sensitivity) (Table 

6). 
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Table 6. Accuracy of the MinimaxX microtechnology unit for the automated detection of 

bowling events during competition. 

  
Ball bowled during competition 

(as determined by direct bowling count) 

  Ball Bowled Ball Not Bowled 

Automated detection of ball 

bowled during competition 

Bowling Event 

Automatically 

Detected 

True Positive =  

213 

False Positive =  

34 

Bowling Event 

Not Automatically 

Detected 

False Negative =  

1 

True Negative =  

97 

  
Sensitivity =  

99.5% 

Specificity =  

74.0 % 

 

Run up distance and velocity variables were recorded during the training bowling 

events. Run up distance outputs from the MinimaxX unit were shown to be very similar 

to the direct measure with a mean percentage bias of 0.80 ± 0.06% (r = 0.90 ± 0.02). 

Run up velocity outputs were less accurate when compared with direct measures over 

the final 10 m (-8.9 ± 0.05%, r = 0.88 ± 0.03) and 5 m (-7.3 ± 0.04%, r = 0.90 ± 0.03) 

of the bowlers run up (Table 7).  
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Table 7. MinimaxX outputs and direct measurements for run up distance and velocity during training. 

 Run Up Distance (m) 10 m Run Up Velocity (m.s-1) 5 m Run Up Velocity (m.s-1) 

 

Measures 

MinimaxX 

20.3 ± 2.9  

Direct 

20.2 ± 2.6  

MinimaxX 

5.8 ± 0.6 

Direct 

6.3 ± 0.6 

MinimaxX 

6.0 ± 0.6 

Direct 

6.4 ± 0.6 

Mean percentage bias (%) 0.80 ± 0.06 -8.91 ± 0.05 -7.29 ± 0.04 

Standard Estimate of Error 1.26 0.29 0.24 

Correlation, r  0.90 ± 0.02 0.88 ± 0.03 0.90 ± 0.03 

Measures and mean percentage data are mean ± SD. Correlation data are ± 95% CI. 
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4.5 Discussion 

This study investigated the accuracy of automated bowling detection in both training 

and competition using a commercially available microtechnology unit (MinimaxX, 

Catapult Sports). The results demonstrated that the MinimaxX unit was very sensitive 

for detecting bowling counts during both training (99.0%) and competition (99.5%) in 

elite fast bowlers. In addition, the detection of non-bowling events during training and 

competition demonstrated that the MinimaxX unit also had high specificity, although 

with better performance in training (98.1%) than competition (74.0%). Overall, these 

findings suggest that the MinimaxX unit has exceptional specificity for detecting 

bowling counts during training and competition in elite fast bowlers.  

 

During cricket training, players or coaches currently count the number of balls the 

bowler has performed in order to monitor the bowling workload. The reliance on the 

players and coaches to record balls bowled has a potential for error, particular if the 

coach is distracted, or the bowler loses focus, becomes fatigued, or simply forgets to 

count. A system that can accurately and automatically record bowling counts is a 

valuable tool for the coach in order to monitor the workloads of fast bowlers. It should 

be noted that this becomes a greater issue in training than competition, as the exact 

number of true positives can be extracted from the scorecard during competition, 

providing an overall workload over the course of the match or day.  

 

A reduction in specificity was observed during competition bowling counts in 

comparison to training counts. With the design of the bowling algorithm, greater 
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sensitivity often comes at the expense of specificity. That is, the criteria for the 

algorithm are diluted to ensure all bowling counts are captured. The lower specificity 

during competition is most likely due to the variability and random nature of 

competition in comparison with training, where more events are likely to meet the 

algorithm criteria of a ball being bowled. Bowlers are also known to bowl the ball when 

returning the ball back to the bowler or when returning a throw in the field, all of which 

could possibly result in a recorded bowling event. A high sensitivity in detecting 

bowling counts via the MinimaxX unit during competition is important, even if it 

slightly compromises specificity, as sensitivity has the potential to be accounted for by 

commercial manufacturers in future releases of the processing software. More 

specifically, bowling events in cricket are to a degree, predictable. Bowlers perform 

overs that consist of 6 balls, unless an illegal ball is bowled. Also, the time between 

balls is relatively predictable and consistent. This allows a reporting filter to potentially 

disregard any one off bowling events (false positives) recorded by the MinimaxX unit 

that do not fit the typical scenarios in which a ball is bowled. While this may result in 

an under-reporting of balls bowled when a bowler cannot complete a full over due to 

injury or rain, practically scientists can easily account for these rare events.   

 

Fast bowling workloads have been linked to increased injury risk [22, 20, 21]. A dual 

workload threshold has been shown to influence injury risk in elite fast bowlers [20], 

whereby both under- and over-bowling increases the risk of injury. These findings 

suggest that a minimum volume of bowling is required to increase injury resilience, 

while excessive bowling loads may increase the risk of injury. However, a limitation of 

these previous studies is that the bowling workloads have neglected to take into account 

bowling intensity and/or effort of delivery. As a result, this broad definition of bowling 
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workload fails to account for the influence of bowling intensity and effort on the injury 

likelihood and/or resilience of the bowler. Measures of ball frequency, ball 

effort/velocity and subtle changes in bowling technique due to fatigue may contribute 

to both enhanced understanding of how bowling workload influences injury and how 

bowling workloads are prescribed to fast bowlers. In this study, warm up balls were not 

included in the data collection period. The authors acknowledge that future research 

design should account for bouts of lower intensity bowling. Whilst this study has 

highlighted how microtechnology units have the potential to further enhance bowling 

workload monitoring, further development in several output parameters is required to 

accurately illustrate ball to ball workloads.  

 

4.6 Conclusions 

The results of this study demonstrated that the MinimaxX unit was very sensitive for 

detecting bowling counts during both training and competition in elite fast bowlers.  

However, further refinements are required to account for the reduction in bowling 

detection specificity during competition. This study also investigated the detection of 

additional fast bowling workload parameters using the MinimaxX unit. Whilst the unit 

was accurate in detecting and measuring run up distance, further enhancements are 

required to accurately detect run up velocities.  

 

4.7 Practical Applications 

The introduction of microtechnology into cricket has allowed coaches to automatically 

detect bowling events in both training and competition. Automatically detecting 

bowling events will allow coaches to have an enhanced understanding of workloads 
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performed, even when they are not present at the time of the event. It is likely that this 

technology will enhance workload planning for fast bowlers. 

 

The MinimaxX microtechnology unit offers adequate sensitivity and specificity for the 

automated detection of bowling counts during training activities. Although the 

sensitivity of automated bowling detection in competition is high, the unpredictable 

nature of match-play results in a greater number of false positives, with subsequent 

reductions in specificity during competition. 

 

Cricket players cover lower relative distances compared with other team running sports 

such as Australian football and soccer [59]. The accurate detection of bowling events 

using microtechnology is likely to advance and add greater specificity to workload 

monitoring strategies in cricket, which may in turn improve bowling performance and 

reduce bowling injury rates [21].  
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5.1 Abstract 

The use of wearable microtechnology to monitor the external load of fast bowling is 

challenged by the inherent variability of bowling techniques between bowlers. This 

study assessed the between bowler variability in Player Load™, bowling velocity, and 

performance execution across repeated bowling spells. Seven national level fast 

bowlers completed two, 6-over bowling spells at a batter during a competitive training 

session. Key dependent variables were: Player Load™ calculated with a MinimaxX 

microtechnology unit, ball velocity, and bowling execution based on a predetermined 

bowling strategy for each ball bowled. The between bowler CV, repeated measures 

ANOVA and SWC were calculated over the two repeated 6-over bowling spells and 

explored across 12-over, 6-over and 3-over bowling segments. From the sum of six 

consecutive balls, the between bowler CV for relative peak Player Load™ was 1.2% 

over the 12 over bowling spell (P = 0.15). During this 12 over period, bowling 

execution (P = 0.43) scores and ball velocity (P = 0.31) CV’s were calculated as 46.0% 

and 0.4%, respectively. Player Load™ was found to be stable across the repeated 

bowling spells in the fast bowling cohort. Measures of variability and change across 

the repeated bowling spells were consistent with the performance measure ball velocity. 

The stability of Player Load™ improved when assessed relative to the individual’s peak 

Player Load™. Only bowling execution measures were found to have high variability 

across the repeated bowling spells. Player Load™ provides a stable measure of external 

workload between fast bowlers. 
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5.2 Introduction 

Cricket is a popular team sport that is played internationally. Cricket teams competing 

at elite levels consist of various player types that specialize in their position. Fast 

bowlers make up one of these specialist positions and have been identified as having 

greater physical workloads than other player types [30, 40]. The increasing variations 

in game formats now include multi-day, 50-over and 20-over cricket. Highly skilled 

fast bowlers in all game formats are characterized by having both greater sustainability 

in bowling velocity and accuracy than less skilled fast bowlers [44]. Bowling velocity 

and accuracy are routinely reported as performance measures in the fast bowling 

literature [44, 53]. Whilst there are rules and regulations that to an extent normalise the 

bowling action in cricket, there is inherent variability between fast bowling technique 

[74]. Commonly, fast bowlers compete across all game formats, despite the large 

disparities in acute and chronic workload requirements in both training and competition 

[30]. With the inherent variability in bowling technique between fast bowlers and the 

workload resulting from competition type, measures of fast bowling performance and 

more importantly, external workload need to remain stable across both shorter and 

longer bowling spells. 

 

Previous research has identified the physiological characteristics of fast bowling spells 

[15]. Two, 6-over spells of fast bowling has been shown to increase rating of perceived 

exertion (peaking at 6.5 ± 0.8 arbitrary units), blood lactate concentrations (from 1.5 ± 

0.3 to 5.0 ± 1.5 mmol.L-1), and reduce blood glucose concentrations (from 6.3 ± 0.7 to 

5.4 ± 0.4 mmol.L-1) [14]. Variability in bowling accuracy was also monitored 

throughout the repeated bowling spells; CV for bowling accuracy of 39% for spell 1 
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and 43% for spell 2 were reported. The protocol scored the accuracy of balls bowled 

relative to a pre-determined target [44]. Despite showing that fast bowling is physically 

demanding, the influence of bowling duration and possibly fatigue on between over 

bowling accuracy and velocity remain unclear. Other studies have investigated bowling 

accuracy and velocity in elite and junior elite fast bowlers [44]. The researchers 

reported an uncoupling of ball velocity and accuracy amongst elite fast bowlers [44]. 

This non-linear relationship between ball velocity and accuracy suggests that these 

variables should be analyzed independently.  

 

Fast bowling performance is largely influenced by environmental conditions. The 

nature of the pitch conditions, wind and even the country in which the match is played 

can influence the tactical decision-making of the fast bowler and therefore may change 

the skill execution requirements [75]. Previous research has identified that fast bowlers 

have greater levels of both accuracy and consistency when bowling at “good” lengths 

when compared with bowling at “full” lengths [44]. This suggests that functional 

accuracy or bowling execution in cricket is more important than simply bowling at a 

set target with no batter, particularly as bowling targets and bowling lengths are 

influenced greatly by match-play strategy for individual batters, and pitch conditions 

[75]. Measures of fast bowling performance need to be robust enough to account for 

the varying requirements of competition type, and also be stable enough to account for 

changes in performance. 

 

Bowling workload has been identified as a contributor to injury likelihood [21]. To 

date, workload monitoring has been limited to counting the number of balls bowled by 
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fast bowlers during both competition and training. Cricket, along with other team sports 

have recently used GPS and associated microtechnology devices to monitor workloads 

in their athletes [30, 40, 73, 76]. Despite some issues with GPS data, specifically at high 

running velocities [77], the microtechnology housed within these same units 

(particularly the tri-axial accelerometer) has been shown to have good reliability in 

team sports [24]. To date, no study has explored the variability of the accelerometer 

technology housed within the widely used GPS units during repeated fast bowling 

spells among elite level cricketers.  

 

To date, there have been no reports regarding external workload monitoring using 

microtechnology in fast bowling. As previously stated, fast bowlers inherently have 

variation in their fast bowling technique that may compromise the stability of the data 

reported by the microtechnology from athlete to athlete. In addition, fast bowling 

performance is defined at two levels, ball velocity and execution. Maintaining ball 

velocity at the expense of bowling execution would be considered a decline in fast 

bowling performance and not be a true representation of the demands of cricket fast 

bowling. With this in mind, the aims of this study were two-fold: (1) to document the 

variability of external workload measures between fast bowlers across bowling spells 

of varying duration, (2) to measure the variability and account for the influence of 

fatigue by measuring any significant change in fast bowling performance (velocity and 

execution) across these same bowling spells.  
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5.3 Methods 

 

5.3.1 Subjects 

Seven highly skilled fast bowlers (mean ± SD age; 22.3 ± 3.4 yr) participated in this 

study. At the time of the study each participant was competing at the first class or 

international level. All participants were free from injury or other medical conditions 

that would compromise participation. Participants received a clear explanation of the 

study, and written consent was obtained. The Australian Catholic University Human 

Research Ethics Committee approved all experimental procedures. 

 

5.3.2 Design 

In this repeated measures observational study, participants completed two separate 

bowling spells; each six overs in duration at batsmen in a cricket net setting. To simulate 

match conditions, a 15-minute active recovery was allocated between the six over 

spells.  

 

5.3.3 Methodology 

Data were collected during a routine training session directed by the coaching staff. 

Normal contest interaction between bowlers and batters was encouraged and bowlers 

self-selected their ball velocity. No slower balls were bowled during the data collection. 

Batsmen were both right and left-handed and rotated by the coaches every 10 minutes. 

All participants wore a GPS unit (MinimaxX S4, Catapult Innovations, Melbourne, 
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Australia) in a small vest on their upper back. The unit housed a tri-axial accelerometer, 

gyroscope, and magnetometer, sampling at 100 Hz.  

 

Prior to each ball being bowled, the bowlers were required to nominate the area they 

intended to bowl to the current batter. Bowling areas were classified by two variables; 

bowling length and bowling line (Table 8). After each delivery, the bowlers were asked 

whether they executed the pre-planned bowl. A coach viewed, and cross-validated all 

execution responses reported by each participant. All balls were filmed for further 

validation by a camera located behind the stumps at the bowler’s end of the pitch and a 

second camera behind the net at the batter’s end of the pitch. A set of 20 cm lines on 

the cricket nets distinguished line and length. A score of 2 was allocated for correctly 

executed bowling events and a score of 1 was allocated to balls that were not executed.  

 

Bowling velocity was measured directly for each ball bowled using a hand held speed 

gun accurate to ± 3% (Stalker Pro II, Stalker Sports Radar, Piano, Texas). Scores of 

peak Player Load™ were measured by the MinimaxX unit and extracted from the 

commercially available software (Sprint, Catapult Innovations, Melbourne, Australia) 

for each ball bowled. Player Load™ is an arbitrary measure based on the accelerometer 

outputs obtained from the MinimaxX unit. Specifically, Player Load™ is a modified 

vector magnitude, calculated as the square root of the sum of the squared instantaneous 

rate of change in acceleration in each of the three vectors (X, Y and Z axis) and divided 

by 100.(13) Ball velocity and Player Load™ scores were reported as raw data and as a 

score relative to the participant’s maximum ball velocity and Player Load™ over the 

entire 12-overs.  
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With the aim of tracking variability changes over the course of different bowling spell 

lengths, data were divided into the following for analysis; entire 12-overs, first 6-overs, 

second 6-overs, overs 1 to 3, overs 4 to 6, overs 7 to 9 and overs 10 to 12. Scores for 

ball velocity, Player Load™ and execution were summed over 3 and 6 consecutive balls 

to provide an accumulated score for analysis. Ball velocity and Player Load™ were 

also analyzed for each individual ball.  

Table 8. Bowling area classification. 

Bowling Length Bowling Line 

a. Short 

b. Good 

c. Full 

a. >30 cm outside off-stump 

b. Between off-stump and 30 cm 

outside off-stump 

c. Middle and leg stump 

d. Outside leg stump 

Line and length was observed by researcher and confirmed by coaching staff. All 

balls were filmed for further validation and a set of 20 cm lines on the cricket nets 

distinguished line and length.  

 

5.3.4 Statistical Analysis 

Data were tested for normality prior to analysis using a Shapiro Wilks test. Bowling 

execution, ball velocity and Player Load™ results were analyzed using a custom made 

Excel spreadsheet (Microsoft, Redmond, USA) [78, 79]. All data were log transformed 

and the CV with 90% CI calculated. A CV less than 10% has previously been described 
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as an indicator of acceptable agreement [80]. The CV is the variation of bowling 

execution, ball velocity or Player Load™ expressed as a percentage of the average. 

Repeated measures ANOVA was completed on all bowling spells and significance was 

set at P ≤ 0.05. ANOVA’s were conducted using SPSS (version 21.0, IBM Corporation, 

USA). The SWC was also determined for each bowling segment. The SWC was 

calculated as 0.2 x the ‘between bowler’ standard deviation.  

 

5.4 Results 

The CV with 90% CI and P values for bowling execution, ball velocity and peak Player 

Load™ are shown in Table 10 and Table 11, respectively. Mean ball velocity was 

measured as 124.2 ± 6.1 km/hr across all participants during the 12-overs (Table 9). 

When measuring relative peak Player Load™ as the sum of scores over 6 balls (1-over), 

the CV was measured as 1.9% (1.7-2.1) with a SWC of 2.4 arbitrary units across the 

12-overs (P = 0.15). Over the same 12-over period when summing the scores for 6 

consecutive balls, the CV and SWC were 0.4% (0.4-0.5) and 0.6 km/hr, respectively 

for relative ball velocity (P = 0.31) and 46.0% (41.0-53.0) and 2.4 arbitrary units , 

respectively, for bowling execution (P = 0.43). 
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Table 9. Mean and Standard Deviation for bowling execution, ball velocity and peak Player Load™. 

Overs Relative Ball Velocity (%) Relative Peak Player LoadTM (%) Ball Velocity (km/h) Peak Player LoadTM(AU) Execution (Score) 

 Mean SD Mean SD Mean SD Mean SD Mean SD 

12 overs 94.0 3.3 79.7 7.7 124.2 4.3 5.4 0.5 1.7 0.5 

1st 6 overs 94.0 2.5 79.2 7.4 124.2 3.3 5.4 0.5 1.6 0.5 

2nd 6 overs 94.0 3.7 80.2 7.6 124.2 4.8 5.5 0.5 1.7 0.5 

Overs 1 – 3 93.5 2.3 78.0 7.8 123.5 3.1 5.3 0.5 1.6 0.5 

Overs 4 – 6 94.4 2.4 80.5 6.2 124.8 3.1 5.5 0.4 1.6 0.5 

Overs 7 – 9 94.5 2.8 81.0 7.2 124.9 3.7 5.5 0.5 1.7 0.5 

Overs 10 – 

12 

92.9 4.4 79.4 6.6 122.8 5.9 5.4 0.5 1.7 0.5 

Standard deviation (SD). Arbitrary units (AU) 
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When summing the scores for 6 consecutive balls, ball velocity CV and SWC over the 

first 6-over bowling spell (P = 0.06) was 0.4% (0.4-0.5) and 0.6 km/hr, and 0.4% (0.3-

0.5) and 0.6 km/hr across the second 6-over bowling spell (P = 0.33). Relative peak 

Player Load™ CV and SWC over the first 6-over bowling spell (P = <0.00) was 0.9% 

(0.8-1.1) and 2.4 arbitrary units and 1.0% (0.9-1.3) and 2.4 arbitrary units over the 

second 6-over bowling spell (P = 0.42) when summing the scores for 6 consecutive 

balls. Across these same bowling spells, bowling execution CV and SWC was 28.0 

(23.0-34.0) and 7.1 arbitrary units in the first 6-over bowling spell (P = 0.31), and 21.0 

(18.0-25.0) and 6.4 arbitrary units across the second 6-over bowling spell (P = 0.77). 
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Table 10. Between fast bowler variation in performance over 12 overs - sum of scores over 6 consecutive balls and 3 consecutive balls.  

Sum of scores over 6 consecutive balls (1 over) 

Overs Relative Ball Velocity Relative Peak Player LoadTM Ball Velocity Peak Player LoadTM Execution 

 CV (%) P SWC CV (%) P SWC CV (%) P SWC CV (%) P SWC CV (%) P SWC 

12 overs 0.3 (0.3-0.4) 0.31 0.8 1.9 (1.7-2.1) 0.15 3.3 0.4 (0.4-0.5) 0.31 0.6 1.2 (1.1-1.4) 0.15 2.4 46.0 (41.0-53.0) 0.43 6.8 

1st 6 overs 0.2 (0.2-0.3) 0.06 0.8 1.6 (1.4-2.0) 0.01 3.4 0.2 (0.2-0.2) 0.06 0.6 0.9 (0.8-1.1) 0.03 2.4 28.0 (23.0-34.0) 0.31 7.1 

2nd 6 overs 0.4 (0.3-0.4) 0.34 0.8 1.8 (1.6-2.3) 0.42 3.2 0.4 (0.3-0.5) 0.33 0.6 1.0 (0.9-1.3) 0.42 2.4 21.0 (18.0-25.0) 0.77 6.4 

Overs 1 – 3 0.3 (0.2-0.3) 0.04 0.9 2.1 (1.7-2.8) >0.00 3.2 0.3 (0.2-0.4) 0.04 0.6 1.2 (1.0-1.6) >0.00 2.4 32.0 (26.0-43.0) 0.18 7.3 

Overs 4 – 6 0.1 (0.0-0.1) 0.90 0.7 0.7 (0.5-0.9) 0.91 3.6 0.1 (0.1-0.1) 0.90 0.5 0.4 (0.3-0.5) 0.91 2.5 27.0 (21.0-36.0) 0.55 6.9 

Overs 7 – 9 0.3 (0.2-0.4) 0.17 0.7 1.4 (1.1-1.9) 0.11 3.1 0.3 (0.3-0.4) 0.17 0.4 0.8 (0.631.1) 0.11 2.7 20.0 (16.0-26.0) 0.55 6.7 

Overs 10 – 12 0.4 (0.3-0.5) 0.49 0.9 1.4 (1.1-1.9) 0.45 3.5 0.4 (0.3-0.5) 0.52 0.7 0.8 (0.6-1.1) 0.46 2.2 22.0 (17.0-29.0) 0.85 6.3 

Sum of scores over 3 consecutive balls  

12 overs 0.4 (0.4-0.5) 0.26 0.9 1.4 (1.3-1.5) 0.13 3.4 0.5 (0.2-0.5) 0.26 0.7 2.7 (2.4-3.1) 0.13 2.5 70.0 (64.0-76.0) 0.44 8.4 

1st 6 overs 0.3 (0.3-0.4) 0.12 0.8 1.2 (1.1-1.4) 0.01 3.5 0.4 (0.3-0.4) 0.12 0.8 2.4 (2.1-2.8) 0.01 2.5 76.0 (67.0-87.0) 0.30 8.4 

2nd 6 overs 0.5 (0.4-0.6) 0.25 0.9 1.4 (1.2-1.6) 0.40 3.3 0.5 (0.5-0.6) 0.25 0.7 2.7 (2.4-3.1) 0.40 2.5 66.0 (59.0-76.0) 0.64 8.4 

Overs 1 – 3 0.3 (0.3-0.4) 0.08 0.9 1.5 (1.3-1.8) >0.00 3.3 0.4 (0.3-0.4) 0.08 0.7 3.0 (2.5-3.6) >0.00 2.6 89.0 (75.0-110.0) 0.18 8.0 

Overs 4 – 6 0.3 (0.2-0.3) 0.53 0.7 0.7 (0.6-0.9) 0.61 3.6 0.3 (0.2-0.3) 0.54 0.6 1.4 (1.2-1.7) 0.61 2.5 70.0 (59.0-85.0) 0.58 8.8 

Overs 7 – 9 0.4 (0.3-0.5) 0.13 0.8 1.2 (1.0-1.4) 0.20 3.1 0.4 (0.3-0.5) 0.13 0.5 2.3 (1.9-2.8) 0.20 2.8 68.0 (57.0-82.0) 0.39 8.5 

Overs 10 – 12 0.5 (0.5-0.7) 0.40 1.0 1.1 (1.0-1.4) 0.36 3.5 0.6 (0.5-0.7) 0.4 0.8 2.3 (1.9-2.8) 0.36 2.3 72.0 (61.0-87.0) 0.84 8.3 

Coefficient of variation and 90% confidence interval (CV%). P: Repeated measures ANOVA. SWC: smallest worthwhile change (0.2 x between bowler standard deviation). 
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Table 11. Between fast bowler variation in performance over 12 overs – individual ball score. 

Overs Relative Ball Velocity Relative Peak Player LoadTM Ball Velocity Peak Player LoadTM 

CV (%) P SWC CV (%) P SWC CV (%) P SWC CV (%) P SWC 

12 overs 0.8 (0.8-0.8) 0.30 0.9 2.4 (2.3-2.5) 0.29 3.0 0.8 (0.8-0.8) 0.30 1.0 6.4 (6.1-6.8) 0.29 3.8 

1st 6 overs 0.6 (0.5-0.7) 0.25 0.8 2.2 (2.1-2.4) 0.11 3.0 0.6 (0.6-0.7) 0.25 0.9 6.0 (5.6-6.5) 0.11 3.8 

2nd 6 overs 0.9 (0.8-1.0) 0.28 0.9 2.5 (2.3-2.7) 0.44 3.1 0.9 (0.8-1.0) 0.28 1.1 6.4 (6-6.9) 0.44 3.7 

Overs 1 – 3 0.6 (0.5-0.7) 0.11 0.8 2.3 (2.1-2.6) 0.04 2.9 0.5 (0.5-0.6) 0.11 1.0 6.3 (5.7-7) 0.04 3.6 

Overs 4 – 6 0.6 (0.5-0.7) 0.55 0.8 1.9 (1.7-2.1) 0.42 3.0 0.5 (0.5-0.6) 0.55 0.9 5.1 (4.6-5.7) 0.42 4.0 

Overs 7 – 9 0.6 (0.5-0.7) 0.13 0.7 2.3 (2.1-2.6) 0.35 3.5 0.6 (0.5-0.7) 0.14 0.9 6.1 (5.5-6.8) 0.35 3.7 

Overs 10 – 12 1.0 (0.9-1.1) 0.40 1.1 2.0 (1.8-2.2) 0.38 2.7 1.0 (1.0-1.1) 0.40 1.3 5.4 (4.9-6.0) 0.38 3.8 

Coefficient of variation and 90% confidence interval (CV%). P: Repeated measures ANOVA. SWC: smallest worthwhile change (0.2 x 

between bowler standard deviation). 
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5.5 Discussion 

This study investigated the between bowler variability of external workload measures from 

wearable microtechnology in seven elite performing fast bowlers. Fast bowling performance 

measures including bowling execution and ball velocity were also measured for change and 

variability across repeated fast bowling spells. The primary findings of this study were that 

Player Load™ remained stable across bowling spells of varying length despite the inherent 

variability between fast bowling techniques. Variability in Player Load™ improved when 

measures were observed relative to the individual’s peak scores. Between bowler ball velocity 

had acceptable variability over both 6 and 12-over bowling spells, while bowling execution 

had large variation between elite cricket fast bowlers. 

 

When assessing individual balls bowled over the 12-overs, Peak Player Load™ demonstrated 

noticeably less variability when observed as a score relative to the individual’s maximum. 

Player Load™ More specifically, across 12-overs the relative peak Player Load™ CV was 

2.4% (2.3-2.5) vs. the peak Player Load™ CV of 6.4% (6.1-6.8) for individual balls bowled. 

While it is likely that individual bowling technique influenced absolute Player Load™ 

measures, the observed CV for absolute measures of Player Load™ were still low. Relative 

measures of peak Player Load™ may therefore offer a better method of monitoring fast 

bowling cohorts for bowling workload rather than the absolute value. Relative peak Player 

Load™ values may provide an additional method of workload monitoring in fast bowlers to 

supplement the current ball count method [37]. Future investigations of fast bowling workload-

monitoring practices are required. In other team sports (e.g. Australian Football), Player 
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Load™ has been identified as having good reliability for the monitoring of workload across 

various bouts of activity [24]. 

 

No change in Player Load™ measures were observed across any bowling spell when assessing 

individual balls.  This finding was consistent with the findings from the more traditional fast 

bowling performance measures (e.g. ball velocity) across bowling spells. Player Load™ 

increased in the first 3 and 6-over bowling spells when assessing Player Load™ as the sum of 

3 consecutive balls, and the accumulation of scores across 1-over. The ability to detect change 

and the reduction of CV within the consecutive ball Player Load™ measure compared to the 

Player Load™ of individual balls may be explained by a filtering effect in the Player Load™ 

scores. Further investigation may be required to optimise the post-processing of Player Load™ 

outputs for analysis from fast bowlers, specifically when observing individual balls.   

 

The bowling execution in this study exhibited CV measures of 28.0% and 21.0% over the first 

and second 6-over bowling spells. This occurred despite the execution scores being summed 

over 6 balls. These high CVs are consistent with previous studies of similar sample size and 

bowling duration that have investigated bowling accuracy (39% and 43%).(6) The authors 

acknowledge that the CV reported in this study for bowling execution is high. This is possibly 

attributed to the inability of fast-bowlers to consistently execute, although no significant change 

in performance execution was detected. It is also acknowledged that a limitation of the present 

study is the small sample size. It is likely that this small sample size has contributed to the high 

CV measures. Small sample sizes are often a challenge in elite settings due to the limited 

number of elite performers. In the case of this study, the participants represented over 60% of 

the fast bowlers in the entire squad of international level fast bowlers and 90% of the available 
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fast bowlers during the data collection period. All data were collected in the first half of the 

Australian domestic season. Although this study had a small sample size, the results suggest 

that future studies of bowling accuracy and execution across fast bowling cohorts should be 

interpreted with caution. Furthermore, future studies would benefit from a collaborative 

approach in order to increase the sample of elite participants across numerous professional 

teams. 

 

The bowling execution CV results in this study draw parallels with previous fast bowling 

accuracy measures [53]. The large dispersion in bowling accuracy and execution scores 

reported in this and previous research highlights the careful consideration required when 

analyzing accuracy measures across a fast bowling cohort. Although the CV in this paper is 

high, the experimental design does provide relevant feedback to coaching staff and with further 

refinement may adequately track bowling performance over a bowling spell. Previous accuracy 

protocols have scored the accuracy of fast bowlers when bowling “short”, “good” and “full” 

lengths with scores for accuracy being highest in the centre of the bowling target and reduced 

along the radius of the target [44]. In these studies, the bowling target was relative to the stumps 

at the end of the pitch. Other studies have used targets on the cricket pitch and reported scores 

based on the line and length of the ball [53]. To an extent, this accounts for the variation in the 

bounce of the ball that may influence the bowler’s ability to hit targets at the end of the pitch. 

However, measurement of accuracy in this manner may not be the best measure for fast 

bowling performance, as bowlers are required to bowl a wide range of lengths and lines 

depending on the batter they are bowling to and the strategy they are trying to execute during 

competition. Whilst accuracy scores have been able to distinguish between highly skilled and 

less skilled fast bowlers [44], such protocols are likely to be cumbersome and unnecessary in 

the routine practice of elite fast bowlers. We suggest that a simplified method of bowling 
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execution whilst bowling to a batter is a far more practical and meaningful measure amongst 

elite fast bowlers. Finally, feedback from additional markings that are placed on or at the end 

of cricket pitches may provide atypical feedback for the bowler, positively and/or negatively 

influencing performance measures. Refinements in ball tracking technology may provide non-

invasive and more accurate and reliable measures of accuracy/execution. With careful 

consideration, bowling accuracy/execution should be accounted for when monitoring fast 

bowling performance. 

 

Literature has reported that senior fast bowlers are able to bowl at velocities of 127 km/h [46]. 

The present study has only observed fast bowling velocities during training settings. We 

recommend the determination of bowling velocity and Player Load™ CV’s during match-play 

over individual bowling spells and the course of a competition day, as fatigue may have a 

greater impact on variance between bowlers and change across bowling spells under these 

conditions. Ball velocity data are readily made available in the public domain (cricket 

broadcasters), although any research would require a review of the accuracy of the 

measurement tools used by the broadcasters. Bowling velocity has been used to determine both 

bowling performance and as a measure of bowling effort and or intensity [15]. The CV 

measures of this paper suggest that when injury free, this may be an appropriate measure across 

elite performers.  

 

This is the first study to observe the variance of microtechnology outputs in fast bowlers across 

bowling spells of varying duration. A measure of external load (i.e. Player Load™), was shown 

to be stable across fast-bowlers. Player Load™ measures were consistent with ball velocity 
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measures, which is routinely used to monitor bowling intensity. The objectively measured 

Player Load™ has the ability to further advance workload monitoring in cricket fast bowlers. 

 

5.6 Conclusion 

This paper provides insight into the between-bowler variation of external workload, measured 

with microtechnology, over the duration of repeated bowling spells in a competitive training 

environment. The variability and measures of change in microtechnology outputs across 

repeated bowling spells were consistent with ball velocity. Whilst the bowling velocity and 

Player Load™ CV measures would be considered appropriate to be used in future cricket 

research, measures of bowling execution may require greater sample sizes and/or careful 

interpretation, before including in routine fast bowling analyses.  Bowling velocity, more so 

than bowling execution may provide greater stability across a fast bowling cohort in the 

interpretation of fast bowling performance. Player Load™ values, when expressed relative to 

peak scores, exhibit an adequate level of stability across bowling spells.  

 

5.7 Practical Applications 

Microtechnology outputs such as Player Load™, offer a stable measure of external workload 

between fast bowlers and across bowling spells of varying duration. When expressed relative 

to peak Player Load™, individual Player Load™ is a more stable measure of external workload 

between fast bowlers than the absolute value. 
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Fast bowling velocity remains a stable measure of performance in elite fast bowlers. The 

sustainability of bowling velocity in aspiring elite fast bowlers could be included in goal setting 

and coaching. This also provides a potential method of measuring the bowling intensity of 

separate bowling workloads.  

 

Bowling execution measures in small sample sizes of elite fast bowlers offer an unstable 

measure of performance. This is consistent with previous fast bowling accuracy measures.  
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Chapter 6: Relationship between wearable microtechnology device variables and 

cricket fast bowling intensity  

 

 

This study has been submitted for review with the International Journal Sports Physiology 

Performance. Full reference details are:  

 

McNamara DJ, Gabbett TJ, Blanch P, and Kelly L. Relationship between wearable 

microtechnology device variables and cricket fast bowling intensity. 2016. International 

Journal Sports Physiology Performance, In review. 
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6.1 Abstract 

To date, the monitoring of fast bowling workloads across training and competition 

environments has been limited to counting total balls bowled. However, bowling at faster 

velocities is likely to require greater effort while also placing greater load on the bowler. This 

study investigated the relationship between prescribed effort and microtechnology outputs in 

fast bowlers to ascertain whether the technology could provide a more refined measure of 

workload. Twelve high performing fast bowlers (mean ± SD age; 20.3 ± 2.2 yr) participated in 

this study. Each bowler bowled 6 balls at prescribed bowling intensities of 60%, 70%, 85% 

and 100%. The relationship between microtechnology outputs, prescribed intensity and ball 

velocity were determined using polynomial regression. Very large relationships were observed 

between prescribed effort and ball velocity for peak Player Load™ (R = 0.83 ± 0.19 and 0.82 

± 0.20). The Player Load™ across lower ranges of prescribed effort exhibited higher CV [60% 

= 19.0 (17.0 – 23.0)%] while the CV at higher ranges of prescribed effort was lower [100% = 

7.3 (6.4 - 8.5)%]. Routinely used wearable microtechnology devices offer opportunities to 

examine workload and intensity in cricket fast bowlers outside the normal metrics reported. 

They offer a useful tool for strength and conditioning coaches to prescribe and monitor bowling 

intensity and workload in elite fast bowlers. 
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6.2 Introduction 

Cricket, like many other popular international team sports, requires varying player types to 

perform very specific roles within the team. One of these roles within cricket is fast bowling. 

Fast bowlers are required to bowl at high ball velocities to opposition batters. Fast bowling has 

been associated with greater injury risk in comparison to other playing activities [22]. 

 

Fast bowling injury rates have been associated with both poor technique and bowling 

workloads [22, 47, 20]. A current method of monitoring the preparedness of fast bowlers 

includes both planning and reviewing the chronic (28 day average) vs. acute (7 day average) 

bowling loads. Although this method provides a general view of the preparedness of the fast 

bowler, it fails to account for the range of bowling intensities across sessions, their contribution 

to the overall load and ultimately, preparedness. While it is possible that coaches could 

subjectively identify periods of high bowling intensity, this can become relatively unstructured 

and fails to account for the individual bowler’s fatigue responses to workloads. The method of 

monitoring bowling speed is a possible indicator of intensity, although practical limitations 

exist with this method. Individual fast bowlers are routinely spread across varying training nets 

or often competing at different locations; considerable resources are required to allow sport 

scientists to collect this data. Understandably, bowling velocity also acts as a performance 

indicator and provides meaningful data to coaches, particularly in match-play. While bowling 

velocity may provide a simple option for measuring intensity in a single controlled bowling 

session, when multiple bowlers are performing across various sessions and locations this 

process becomes somewhat laborious and difficult.  
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Various team sports use microtechnology devices to monitor external workload [24, 18, 25]. 

Microtechnology manufacturers also use accelerometers housed within commercially available 

GPS, devices to provide additional information on external loads [28, 26]. Accelerometer load 

has been shown to have acceptable stability across 3, 6 and 12 over bowling spells [81]. In 

addition to a tri-axial accelerometer, gyroscopes capable of detecting rotation about the yaw, 

pitch and roll axes are also housed within certain commercially available microtechnology 

units. Microtechnology has been used successfully to detect fast bowling events in elite 

cricketers [46]. This technology allows for retrospective analysis of external workload in large 

groups of athletes and does not require a coach or sport scientist to be present at the time of 

data collection. This method of load monitoring is important to cricket as players often train in 

de-centralized programs or are required to participate for various domestic teams across the 

world within the same competitive year. These units are not limited to training environments 

and are commonly worn during competition in many sports including cricket.  

 

If this technology was capable of capturing fast bowling intensity, it would provide an 

opportunity to further advance the workload monitoring of elite fast bowlers during training 

and competition. This would allow insightful data for the prescription of individual fast 

bowling workloads. With this in mind, the aim of this study was to assess the relationship 

between prescribed bowling intensities, bowling velocity and data outputs from wearable 

microtechnology during a training environment to ascertain whether the technology could 

provide a more refined measure of workload and bowling intensity.  
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6.3 Methods 

 

6.3.1 Experimental Approach to the Problem 

This cohort study required participants to complete six deliveries in four categories of effort; 

(1) warm up (~60%), (2) light intensity (~70%), (3) match-play (~85%), and (4) maximal effort 

(~100%). All bowlers completed the bowling protocol in the same pre-determined order. To 

help represent the varying bowling lengths in cricket match-play, during the 85% (match-play) 

and 100% (maximal effort) overs, each player bowled two short balls, two full balls and two 

good length balls. No balls, wides, balls bowled with illegal actions and those that were not 

performed at the prescribed bowling length were excluded from analyses. This data were 

monitored and confirmed by a cricket coach. Measures of bowling intensity included a 

subjective measure of prescribed effort, bowling velocity and outputs from wearable 

microtechnology. 

 

6.3.2 Subjects 

Twelve elite fast bowlers (mean ± SD age; 20.3 ± 2.2 yr) participated in this study. At the time 

of the study all players were participants in a national level high performance camp. All 

participants were free from injury or other medical conditions that would compromise 

participation. Participants received a clear explanation of the study, and written consent was 

obtained. The Australian Catholic University Human Research Ethics Committee approved all 

experimental procedures. 
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6.3.2 Bowling Intensity 

6.3.2.1 Ball Velocity 

Ball velocity was measured for each delivery using a high performance sports radar gun 

accurate to ± 3% (Stalker Pro, Stalker Sports Radar, Piano, Texas) positioned at the batters end 

of the cricket pitch. No bowling velocity feedback was provided to the bowlers. A relative ball 

velocity score was calculated as a percentage of the individual bowlers peak ball velocity across 

the 24 balls bowled. 

 

6.3.2.2 Microtechnology 

Data from the accelerometers and gyroscopes embedded in the microtechnology device 

(MinimaxX S4, Catapult Innovations, Melbourne, Australia) were extracted from the 

commercially available software (Sprint, Catapult Innovations, Melbourne, Australia) for each 

ball bowled. Both the accelerometers and gyroscopes collected data at 100 Hz. Player Load™ 

and the resultant accelerometer vector were calculated from each of the X, Y and Z vectors. In 

this study, Player Load™ was calculated as the root sum of squares of the delta acceleration. 

Roll (x-axis – lateral flexion during bowling) and yaw (z-axis – rotation at the thoracic spine 

during the bowling action) gyroscope velocity outputs were collected from the 

microtechnology device for each ball bowled. Peak measures of Player Load™, accelerometer 

resultant, yaw velocity and roll velocity during the delivery stride were used for analysis of 

each ball. A percentage relative to the individual bowlers peak score across the 24 balls bowled 

was calculated for each ball across all variables. Measures of roll have previously been used to 

distinguish fast bowling events within cricket practice and competition [46].  
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6.3.3 Statistical Analyses 

Residuals were normally distributed. The relationship between the microtechnology outputs 

and both prescribed effort and ball velocity were analyzed using polynomial regression in SPSS 

(IBM Corp, Armonk, USA) and expressed as R. These relationships were described as trivial 

(0.0 – 0.1), small (0.1 – 0.3), moderate (0.3 – 0.5), large (0.5 – 0.7), very large (0.7 – 0.9) or 

nearly perfect (0.9 – 1.0) [78]. A custom Microsoft Excel spreadsheet (Microsoft, Redmond, 

USA) was used to calculate the CV with 90% CI to describe the variability across intensity 

levels.  

 

6.4 Results 

Peak Player Load™ showed very large relationships (R = 0.83 ± 0.19) with prescribed effort 

for each ball bowled (Table 12, Figure 12). Relative ball velocity was also associated with peak 

Player Load™ (R = 0.82 ± 0.20) for each ball bowled (Table 12, Figure 12). Peak yaw (R = 

0.58 ± 0.36), roll (R = 0.73 ± 0.27) and resultant accelerometer (R = 0.64 ± 0.33) data all 

showed large to very large relationships with relative ball velocity for each ball bowled (Table 

12). 

 

Table 12. Relationship between bowling effort, ball velocity, and microtechnology outputs. 

Prescribed Effort 

Relationship  
R 

Ball Velocity 

Relationship 
R 

Resultant max % 0.71 ± 0.28 Very Large Resultant max % 0.64 ± 0.33 Large  

Player Load™ max % 0.83 ± 0.19 Very Large Player Load™ max % 0.82 ± 0.20 Very Large  

Roll max % 0.80 ± 0.21 Very Large Roll max % 0.73 ± 0.27 Very Large  

Yaw max % 0.56 ± 0.37 Large Yaw max % 0.58 ± 0.36 Large  

Polynomial regression ± 90% CI and descriptor. 
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Figure 12. Mean ± Standard Deviation of relative ball velocity and relative Player Load™ vs. 

prescribed effort.  

 

Measures of CV in Peak Player Load™ were 19.0% (17.0 – 23.0), 14.0% (12.0 – 16.0), 9.6% 

(8.4 – 11.0) and 7.3% (6.4 – 8.5) across the prescribed 60% (warm up), 70% (light intensity), 

85% (match-play) and 100% (maximal effort) bowling intensities (Table 13), suggesting that 

as bowling effort increased, measures of intensity began to stabilize. Relative ball velocity 

followed the similar trend across prescribed bowling intensities with CV of 6.6% (5.8 – 7.7), 

3.8% (3.4 – 4.4), 3.6% (3.2 – 4.2) and 2.6% (2.3 – 3.0) across the four prescribed bowling 

intensities (Table 13). 
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Table 13. Mean and coefficient of variation across prescribed bowling intensities. 

 Bowling Intensity % 

Variable 60% 70% 85% 100% 

Peak Roll % 
Mean 64.4% 74.9% 88.0% 93.2% 

CV (%) 16.0 (14.0 – 18.0) 11.0 (10.0 – 13.0) 11.0 (9.3.0 – 12.0) 6.1 (5.4 - 7.1) 

Peak Accelerometer 

resultant % 

Mean 57.0% 72.2% 81.0% 86.4% 

CV (%) 21.0 (19.0 – 24.0) 17.0 (15.0 – 19.0) 12.0 (10.0 – 13.0) 12.0 (10.0 – 13.0) 

Peak Player Load™ % 
Mean 56.7% 68.8% 81.4% 92.1% 

CV (%) 19.0 (17.0 – 23.0) 14.0 (12.0 – 16.0) 9.6 (8.4 – 11.0) 7.3 (6.4 - 8.5) 

Peak Yaw % 
Mean 72.8% 82.6% 91.2% 93.3% 

CV (%) 22.0 (19.0 – 26.0) 16.0 (14.0 – 18.0) 10.0 (9.1 – 12.0) 8.4 (7.4 - 9.7) 

Relative Ball Velocity % 
Mean 81.9% 89.2% 93.5% 97.2% 

CV (%) 6.6 (5.8 - 7.7) 3.8 (3.4 - 4.4) 3.6 (3.2 - 4.2) 2.6 (2.3 – 3.0) 

Coefficient of variation (CV%) and 90% CI.  
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6.5 Discussion 

This study (1) examined the relationship between prescribed bowling effort, bowling velocity 

and the outputs from a microtechnology device, and (2) developed a novel and meaningful 

method of reporting fast bowling effort from microtechnology devices. The results of this study 

demonstrate a good relationship between prescribed bowling effort and both bowling velocity 

and Player Load™ results. Data were reported as percentages relative to maximal efforts of 

individual fast bowlers, which accounts for individual variations in technique and bowling 

velocities, and is easily processed by cricket coaches. Practically, calibrating the percentage 

effort of each ball to a recent effort within a significant competition match provides both 

context and meaningful data for coaches and support staff.  

 

To date, the measurement of bowling workload has been limited to the more simple method of 

bowling counts [46, 21, 20]. This presents a simple definition of total workload, but may not 

account for the variability and significance of higher effort bowling from session to session 

and game to game. Intuitively, the intensity of individual bowling sessions will have a 

significant influence on the bowlers load, and may have an influence on the physical status and 

fatigue of bowlers.  As such, bowling intensity is likely to influence the preparation of fast 

bowlers for various levels of competition. 

 

The large variability in the microtechnology metrics at sub maximal intensities can be 

explained by the greater scope for variability at lower or submaximal intensities (Table 13). 

Importantly, the ball velocity, measured with a routinely used radar gun, also exhibited an 

increased variability at lower intensities. We acknowledge that the microtechnology output 

exhibit greater variability than ball velocity and should be considered a limitation of the 
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technology. However, this may be explained by the ability of elite fast bowlers to find 

efficiency in maintaining stable ball velocity across bowling intensities despite the likelihood 

of subtle changes in bowling technique at lower bowling velocities. 

 

Measures of roll and Player Load™ provided the strongest relationships with both prescribed 

intensity and ball velocity (Table 12). The gyroscope measure of roll represents the velocity of 

lateral trunk flexion. As opposed to yaw (thoracic rotation velocity), lateral trunk flexion 

velocity may be a more stable trait within the side-on, front-on or mixed bowling techniques 

used amongst fast bowlers. Both the peak resultant and peak Player Load™ variables rely on 

the tri-axial accelerometers housed within the wearable unit. The resultant accelerometer 

combines the raw outputs from all 3 accelerometer axes. Treating the raw accelerometer data 

with a filter may be required to improve the relationship between prescribed intensities and ball 

velocity.  

 

It was not possible to obtain match-play data in this study, and consequently, we were unable 

to relate bowling intensity to a pre-determined maximum competition output. Further research 

is required to establish the validity and reliability of the microtechnology outputs during cricket 

match-play. Measuring bowling intensity may potentially provide a novel method of 

monitoring elite cricket fast bowlers. The paucity in literature around bowling intensity and 

injury outcome can largely be attributed to the difficulty in measuring fast bowling intensity. 

We propose that microtechnology outputs may provide a practical method of monitoring 

bowling intensity in fast bowlers. 
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A relationship between fast bowling workload and injury has been widely reported [21, 20, 47, 

22]. More specifically, researchers have demonstrated increased injury risk with both under- 

and over-bowling [20]  while others have shown a delayed effect of increased injury risk after 

bouts of increased acute bowling workload [47, 22, 21]. Previous researchers have studied the 

relationship between chronic (fitness) and acute (fatigue) bowling workloads and injury risk in 

cricket fast bowlers [21]. They identified that the injury likelihood of fast bowlers increased 

significantly in the week following a “spike” in acute workload relative to chronic workload 

[21]. Systematic increases in chronic bowling workloads decreased injury likelihood (10). 

Understanding the intensity of the bowling workload would help establish chronic bowling 

workloads relative to the match-play demands of the individual fast bowler. It is likely that in 

some cases, chronic workloads have been inflated with the inclusion of balls bowled at lower 

intensities, which may be misleading when identifying the preparedness of the bowler. Further 

research is required to explore if excluding lower intensity balls influences the acute:chronic 

workload ratio in fast bowlers. 

 

Practically, there are many factors that play a role in prescribing bowling workloads to fast 

bowlers. These may include, but are not limited to; return from injury, competition restrictions, 

competition strategy, and playing conditions. To a degree, these factors can largely be 

controlled. However, there are other factors that are much more difficult to account for when 

preparing fast bowlers, including; the time between bowling innings in multi-day cricket and, 

the workload ‘flow-on’ effect amongst the bowlers within the team when one bowler sustains 

an injury in a competitive match. With this in mind, controlling bowling workloads prior to 

and after competition is vital in the preparation and management of fast bowlers from both a 

skill acquisition and injury prevention perspective. This integration of routinely used 

monitoring systems such as microtechnology to provide specific and meaningful data for 
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coaches, rehabilitation and strength and conditioning staff in cricket would provide both a 

novel and practical solution in monitoring bowling intensity.  

 

6.6 Conclusions 

In summary, we found a large to very large relationship between microtechnology outputs and 

both prescribed intensity and ball velocity. The large standard deviations at lower intensities 

can be explained by both the inability of the athlete to adhere to submaximal intensities and 

greater scope for variability at lower intensities. While further validation in varying 

competition and training settings is required, our findings demonstrate that microtechnology 

devices offer both a practical and adequate tool for prescribing and monitoring bowling 

intensity and workload in elite fast bowlers. 

 

6.7 Practical Applications 

Outputs from the microtechnology unit worn by cricket fast bowlers provide good insight into 

bowling intensity. This information provides a method of improved overall workload 

monitoring, particularly where varying bowling intensities are performed by the bowler. The 

use of wearable microtechnology to determine bowling intensity provides additional 

information to the routinely reported GPS profiles of cricket match-play and training [41]. 

Additionally, this data provides workload information for the coach from numerous players 

who may be competing or training in various locations at any one time that to date has been 

difficult to objectively quantify. Finally, implementing intensity into the current acute and 

chronic workload monitoring system may provide a clearer indication of the preparedness of 

the fast bowler to tolerate high workloads.  
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Chapter 7: Summary and Conclusions 
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7.1 Overview  

This program of research investigated current methods of monitoring cricket fast bowling 

workload, using commercially available microtechnology to advance the current practices of 

workload analyses. The research first identified existing problems through rigorously 

reviewing the literature around workload monitoring for fast bowlers since the introduction of 

T20 cricket. In order to strengthen the understanding of workload experienced by cricket fast 

bowlers, observational evidence was also collected across both physical preparation and 

competition. The use of wearable technology was then explored, developing a reliable and 

valid measure to monitor workload in cricket fast bowlers.  
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Table 14. Summary of study outline, aims, and experimental hypotheses. 

Chapter in 

Thesis 

Study Outline Aims Experimental Hypotheses 

Chapter 2 Systematic Review 1. Demonstrate the extent to which workload is related to injury and/or 

performance in elite cricket fast bowlers 

 

2. Provide an update of the physical requirements of elite fast bowlers since the 

introduction of T20 cricket 

(i) Limited scientific data on workload and fast bowling 

performance will be present since the introduction of T20 

cricket  

 

 

 

McNamara DJ, Gabbett TJ, Naughton G. Assessment of workload and its effects on performance and injury in elite cricket fast bowlers: a systematic review. Sports Medicine, 

2016, DOI 10.1007/s40279-016-0588-8. 

 

Chapter 3 Profile of competition 

and training demands in 

cricket 

Profile and identify key fatigue and workload variables of cricket fast bowlers 

and non-fast bowlers 

(ii) Training and competition demands of fast bowlers will 

be higher than non-fast bowlers 

 

  

 

McNamara DJ, Gabbett TJ, Naughton G, Farhart P, and Chapman P. Physical preparation and competition workloads and fatigue responses of elite junior cricket players. 

International Journal of Sports Physiology and Performance, 2013, 8 (5), 517-526. 
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Table 14. Continued. 

Chapter 4 Validation of smart 

algorithms to detect fast 

bowling events 

1. Validate the use of microtechnology devices in the automated detection of 

bowling events and counts 

 

2. Refine the monitoring of bowling intensities 

(iii) Wearable microtechology will be both sensitive and 

specific in the detection of fast bowling events during 

training and match-play 

 

McNamara DJ, Gabbett TJ, Chapman P, Naughton G, and Farhart P. The validity of microsensors to automatically detect bowling events and counts in cricket fast bowlers. 

International Journal of Sports Physiology and Performance, 2015, 10 (1), 71-75. 

 

Chapter 5 Variability of 

microtechnology in 

cricket fast bowlers 

1. Document the variability of external workload measures between fast bowlers 

across bowling spells of varying duration 

(iv) Outputs from wearable microtechnology will provide 

adequate reliability across repeated bowling events 

 

McNamara DJ, Gabbett TJ, Chapman P, Naughton G, and Farhart P. Variability of PlayerLoad™, Bowling Velocity and Performance Execution in Fast Bowlers Across 

Repeated Bowling Spells. International Journal of Sports Physiology and Performance, 2015, 10 (8), 1009-1014. 

 

Chapter 6 Sensitivity of 

microtechnology to 

measure fast bowling 

intensity 

1. Assess the relationship between prescribed bowling intensities, bowling 

velocity and data outputs from wearable microtechnology 

(v) Wearable microtechnology will be sensitive to 

distinguish the intensity of a prescribed fast bowling event  

McNamara DJ, Gabbett TJ, Blanch P, and Kelly L. Relationship between wearable microtechnology device variables and cricket fast bowling intensity. 2016. International Journal 

of Sports Physiology and Performance, In review. 
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7.2 Summary of Major Findings 

Table 14 summarises the study outline, aims, and experimental hypotheses. Expanding on this 

summary: 

(i) It was initially hypothesised that limited scientific data on workload and fast bowling 

performance would be available following the introduction of T20 cricket. A paucity of 

research with key variables examining fast bowling performance and the interaction with 

bowling workload was identified in the systematic review presented in Chapter 2. Although 

studies of fast bowling workload comprised a large proportion of published literature in elite 

cricket, the interaction of training and performance in competition over time was unstated. The 

review concluded that it remains difficult to objectively measure fast bowling performance. 

Available outcomes were limited to bowling velocity and execution during training settings. 

Performance during competition had not been explored. Thus, the results of the systematic 

review supported the hypothesis. 

 

(ii) In Chapter 3, it was hypothesised that training and competition demands of fast bowlers 

was likely to be higher than non-fast bowlers. Using wearable GPS technology across physical 

preparation and competition in elite adolescent cricketers, this study showed that the external 

workload experienced by fast bowlers exceeded that of non-fast bowlers. Given that fast 

bowlers are required to bat and field in both competition and physical preparation, it is 

suggested that this difference in external workload is most likely attributed to the fast bowling 

events. The experimental hypothesis was strongly supported by the results of this study. 

 

(iii) Chapter 4 addressed the hypothesis that wearable microtechology would be both 

sensitive and specific in the detection of fast bowling events during training and match-play. 

Thus, the ability of wearable microtechnology to identify fast bowling events was explored. In 
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both competition and training settings, algorithms using the interaction between the GPS, 

accelerometers and gyroscopes housed in the wearable sensors were able to detect fast bowling 

events. Sensitivity of detection was 99.5% in competition and 99.0% in training. The specificity 

of detecting fast bowling events was 74.0% in competition and 98.1% in training. Thus, this 

hypothesis was also strongly supported by the results of the study. 

 

(iv) Chapter 5 explored whether outputs from wearable microtechnology would provide 

adequate reliability across repeated bowling events. Player Load™ demonstrated adequate 

stability over repeated bowling spells. In comparison, measures of bowling performance varied 

to a greater extent. Bowling velocity measures exhibited low CV% whilst bowling execution 

had a CV% in excess of 20%. It is concluded that the hypothesis was only partially supported 

and was again dependent on specific capacities within the technology. 

 

(v) The final hypothesis in Chapter 6 was that wearable microtechnology would have the 

sensitivity to identify the intensity of a prescribed fast bowling event. During a range of 

prescribed bowling intensities, relative measures of Player Load™ and gyroscope roll outputs 

had very large relationships with prescribed bowling intensities and relative bowling velocity. 

Thus, the hypothesis was supported; wearable microtechnology provided the ability to indicate 

the intensity of fast bowling events.   
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7.3 Points of Difference 

This program of research advances the existing understanding of fast bowling workload, and 

provides practical outcomes for measuring fast bowling workload and performance.  

 

The points of difference made by this program of research are:  

(i) The designed research program strengthened the level of evidence around the need to 

monitor workload in fast bowling cricketers. The systematic review presented in this thesis 

identified that fast bowling workload is a key contributor to injury likelihood, which is further 

complicated by the introduction of T20 cricket. Typical field-based practice in monitoring fast 

bowling workload is a simple bowling count. Although this provides an indication of a fast 

bowler’s preparation or readiness to compete or practice, it fails to account for the potential 

variation of bowling intensities across the accumulated load. The systematic review 

additionally explored the interaction between workload and performance in situ, extending 

beyond previous reviews which have only examined workload and injury.  

(ii) This thesis was the first to combine (1) the external workload demands of cricket 

training and competition, (2) biomarkers of physiological stress, (3) subjective markers of 

perceived fatigue, and (4) tmeasures of neuromuscular function to advance the understanding 

of the dose-response relationship of cricket workload in fast bowlers and non-fast bowlers. 

Because not all markers responded in the same way in fast bowlers, it was concluded that 

multiple markers may provide a stronger workload profile and that individualised monitoring 

strategies are required. 

(iii) Current methodologies of fast bowling workload monitoring may mask or lack the 

sensitivity to understand individual responses and rates of response over short and longer term 

periods. This program of research examined the interaction of wearable technologies and fast 
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bowling load with the aim to provide diversity in current workload monitoring practices, while 

doing so via practical means. Exciting possibilities for microtechnology were identified, with 

a strong capacity to detect individual differences and variations in workloads. 

 

7.4 Strengths 

The strengths of this program of research are summarised as: 

(i) Advancing current knowledge of how to better manage a high risk playing group. 

(ii) Investigating a representative population of elite athletes within this sport. 

(iii) Validating an innovative algorithm for a cricket related action. Overall, this thesis 

identified the validity, reliability and sensitivity of the action–specific demands on cricket fast 

bowlers. 

 

7.5 Limitations 

Sample sizes in research involving elite athletes such as fast bowling cricketers will always 

appear small. Although recruitment involved relatively small samples of elite cricketers, this 

sample size represents upwards of 90% of all possible players available for recruitment. For 

example, the 26 elite cricketers profiled in Chapter 4 represented the entire state pathways 

program. Therefore, while sample sizes remain somewhat small they should be interpreted as 

highly representative. 

 

A further limitation may lie in the external validity of the results; with relevance mainly to elite 

junior and elite national and international players bowling under Australian conditions. 

However, with the “proof of concept” supporting the use of microtechnology in this program 
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of research, there is now scope to expand internationally. National cricketing bodies such as 

Cricket Australia have invested in a pooled collection of microtechnology devices and cloud-

based storage to better capture and share data on workload management of developing and high 

profile fast bowlers. 

 

7.6 Future Directions 

The advancements in fast bowler workload management presented in this thesis have provided 

opportunity to explore the interaction between wearable technologies and athlete workload 

monitoring. More specifically the future directions for applied researchers are:  

(i) New thinking for defining acute and chronic workloads through direct measures of task-

specific intensities (Figure 13). The measure of task-specific intensity in sport will provide 

context around how both acute and chronic loads are accumulated and provide feedback 

regarding the planned and actual workloads experienced by athletes (for more information 

please refer to Appendix B). 
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Figure 13. Acute and chronic bowling loads of an individual fast bowler over 3 months of a cricket 

preseason. Acute Load = 7-day average. Chronic Load = 28-day average. (A) All balls bowled included. 

(B) Only balls bowled at high intensity included. Balls bowled at high intensity were defined as a ball 

bowled at greater than 80% of the highest Player Load™ score recorded [50].  

 

(ii) While the fast bowling intensity variables presented in this thesis require a level of post-

collection processing, the capacity of new technology and processing power within wearable 

technologies will provide the opportunities to deliver immediate feedback to athletes and 

coaching staff.  

(iii) The wearable technologies used in this thesis have the ability to interact with other 

technologies including video and heart rate. Further interaction with other technologies will 

provide scope for advancements in machine learning and potentially greater accuracy and 

specificity in load monitoring of individual athletes.  
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(iv) Using accessible technologies such as smart phones provides opportunity for 

researchers, athletes and coaches to measure and record workload. With the development of 

applications, the hardware within technologies such as smart phones may be capable of 

detecting and recording cricket-specific events on a basic level. Development of such 

applications provide opportunity for greater scope of player management across community 

programs.  

(v) Wearable technology is now also used by sporting broadcasters to provide in-depth 

content for viewers. At present, this information is limited to running distance and velocity. 

The use of smart algorithms and wearable technologies in cricket will enable greater 

engagement and understanding of the workloads experienced by elite fast bowlers for the 

cricket supporter. 

(vi) Collection of external workloads and cricket-specific events via wearable technology 

is advancing the ability to pool data of numerous teams and players across cricket competitions 

and seasons. The vastness of this data allows for greater depth of analysis in performance, load 

and injury.  

 

7.7 Practical Applications 

The findings presented in this thesis have significant impact on the current load monitoring 

practices in cricket. The use of wearable technology is common in team sport. The findings of 

this thesis advance the use of these technologies beyond simple observations of routinely used 

GPS variables. Accessing data from the accelerometers, gyroscopes and magnetometers 

housed within the GPS device provides greater potential for quantifying the loads experienced 

by cricketers and specifically fast bowlers. These data are capable of being integrated and 
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presented in commonly used athlete monitoring systems, allowing greater accessibility for 

coaches and support staff.  

 

The manner in which bowling workloads are measured has been influenced by the findings of 

this thesis. Until now, the influence of bowling intensity on an individual’s acute and chronic 

bowling loads has been difficult to objectively and individually quantify. It is highly likely that 

bowling intensity will influence preparedness of a fast bowler.  Chapter 6 presents the first 

attempt to practically quantify fast bowling intensity in training and match environments using 

wearable microtechnology.   

 

Routinely worn wearable technology in young fast bowlers will provide better understanding 

of the significance of career bowling load on injury likelihood. While career workload has been 

shown to influence injury likelihood in elite fast bowlers [48], combining measures of bowling 

load and intensity with technique and physical maturation changes, provides the greatest scope 

for understanding injury likelihood and performance in fast bowlers.  

 

7.8 Conclusions 

This thesis advances the management and monitoring of cricket fast bowlers. Cricket match-

play demands have changed over the past 10 years and wearable microtechnology appears to 

be a viable tool in the monitoring of cricket fast bowlers. In addition, microtechnology provides 

the ability to challenge the current methods of workload management in cricket fast bowlers.  
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This thesis supports previous literature identifying that cricket fast bowlers’ experience greater 

external load than other player types. Furthermore, the act of fast bowling is directly linked to 

increased likelihood of injury. Workload history has been identified as a contributing factor to 

injury likelihood and type. The technology identified in this thesis advances the workload 

monitoring of cricket fast bowlers which is crucial to proactive planning in elite adolescent and 

adult fast bowlers. 

  



 132 

References 

 

 

  



 133 

1. Cormack SJ, Newton RU, McGuigan MR. Neuromuscular and endocrine responses of elite 

players to an Australian rules football match. International Journal of Sports Physiology and 

Performance. 2008;3(3):359-74. 

2. Coutts AJ, Reaburn P, Piva TJ, Rowsell GJ. Monitoring for overreaching in rugby league 

players. European Journal of Applied Physiology. 2007;99(3):313-24. 

3. Andersson HM, Raastad T, Nilsson J, Paulsen G, Garthe I, Kadi F. Neuromuscular fatigue 

and recovery in elite female soccer: effects of active recovery. Medicine and Science in Sports 

and Exercise. 2008;40(2):372-80. 

4. Cormack SJ, Mooney MG, Morgan W, McGuigan MR. Influence of neuromuscular fatigue 

on accelerometer load in elite Australian football players. International Journal of Sports 

Physiology and Performance. 2013;8(4):373-8. 

5. Abbiss CR, Laursen PB. Models to explain fatigue during prolonged endurance cycling. 

Sports Medicine. 2005;35(10):865-98. 

6. Borresen J, Lambert MI. The quantification of training load, the training response and the 

effect on performance. Sports Medicine. 2009;39(9):779-95. 

7. Cairns SP, Knicker AJ, Thompson MW, Sjøgaard G. Evaluation of models used to study 

neuromuscular fatigue. Exercise and Sport Sciences Reviews. 2005;33(1):9-16. 

8. Banister EW, Calvert TW, Savage MV, Bach T. A systems model of training for athletic 

performance. Australian Journal of Sports Medicine. 1975;7(3):57-61. 

9. Morton RH, Fitz-Clarke JR, Banister EW. Modeling human performance in running. Journal 

of Applied Physiology. 1990;69(3):1171-7. 

10. Busso T, Carasso C, Lacour J-R. Adequacy of a systems structure in the modeling of 

training effects on performance. Journal of Applied Physiology. 1991;71(5):2044-9. 



 134 

11. Wood RE, Hayter S, Rowbottom D, Stewart I. Applying a mathematical model to training 

adaptation in a distance runner. European Journal of Applied Physiology. 2005;94(3):310-6. 

12. Cormack SJ, Newton RU, McGuigan MR, Doyle TL. Reliability of measures obtained 

during single and repeated countermovement jumps. International Journal of Sports 

Physiology and Performance. 2008;3(2):131. 

13. Coutts AJ, Slattery KM, Wallace LK. Practical tests for monitoring performance, fatigue 

and recovery in triathletes. Journal of Science and Medicine in Sport. 2007;10(6):372-81.  

14. Buchheit M, Racinais S, Bilsborough J, Bourdon P, Voss S, Hocking J et al. Monitoring 

fitness, fatigue and running performance during a pre-season training camp in elite football 

players. Journal of Science and Medicine in Sport. 2013;16(6):550-5. 

15. Duffield R, Carney M, Karppinen S. Physiological responses and bowling performance 

during repeated spells of medium-fast bowling. Journal Of Sports Sciences. 2009;27(1):27-35.  

16. Orchard J, James T, Kountouris A, Portus M. Changes to injury profile (and recommended 

cricket injury definitions) based on the increased frequency of Twenty20 cricket matches. Open 

Access Journal Of Sports Medicine. 2010;1:63-76. 

17. Dennis RJ, Finch CF, Farhart PJ. Is bowling workload a risk factor for injury to Australian 

junior cricket fast bowlers? British Journal of Sports Medicine. 2005;39(11):843-6. 

18. Gabbett T, Jenkins D, Abernethy B. Physical collisions and injury during professional 

rugby league skills training. Journal of Science and Medicine in Sport. 2010;13(6):578-83.  

19. Jennings D, Cormack S, Coutts AJ, Boyd LJ, Aughey RJ. Variability of GPS units for 

measuring distance in team sport movements. International Journal of Sports Physiology and 

Performance. 2010;5(4):565-9. 



 135 

20. Dennis R, Farhart P, Goumas C, Orchard J. Bowling workload and the risk of injury in elite 

cricket fast bowlers. Journal of Science and Medicine in Sport. 2003;6(3):359-67. 

21. Hulin BT, Gabbett TJ, Blanch P, Chapman P, Bailey D, Orchard JW. Spikes in acute 

workload are associated with increased injury risk in elite cricket fast bowlers. British Journal 

of Sports Medicine. 2014;48(8):708-12.  

22. Orchard JW, James T, Portus M, Kountouris A, Dennis R. Fast bowlers in cricket 

demonstrate up to 3- to 4-week delay between high workloads and increased risk of injury. The 

American Journal of Sports Medicine. 2009;37(6):1186-92.  

23. Consolvo S, Everitt K, Smith I, Landay JA, editors. Design requirements for technologies 

that encourage physical activity. Proceedings of the SIGCHI conference on Human Factors in 

computing systems; 2006: ACM. 

24. Boyd LJ, Ball K, Aughey RJ. The reliability of MinimaxX accelerometers for measuring 

physical activity in Australian football. International Journal of Sports Physiology and 

Performance. 2011;6(3):311-21. 

25. Gastin PB, McLean O, Spittle M, Breed RV. Quantification of tackling demands in 

professional Australian football using integrated wearable athlete tracking technology. Journal 

of Science and Medicine in Sport. 2013;16(6):589-93.  

26. Barrett S, Midgley A, Lovell R. PlayerLoad: reliability, convergent validity, and influence 

of unit position during treadmill running. International Journal of Sports Physiology and 

Performance. 2014;9(6):945-52.  

27. Gabbett TJ. Relationship between accelerometer load, collisions, and repeated high-

intensity effort activity in rugby league players. Journal of Strength and Conditioning 

Research. 2015;29(12):3424-31.  



 136 

28. Gastin PB, Fahrner B, Meyer D, Robinson D, Cook JL. Influence of physical fitness, age, 

experience, and weekly training load on match performance in elite Australian football. 

Journal of Strength and Conditioning Research. 2013;27(5):1272-9.  

29. CricInfo. ESPN Sports Media. http://www.espncricinfo.com/. Accessed 2 October, 2015. 

30. McNamara DJ, Gabbett TJ, Naughton G, Farhart P, Chapman P. Training and competition 

workloads and fatigue responses of elite junior cricket players International Journal of Sports 

Physiology and Performance. 2013;8(5):517-26. 

31. Orchard JW, Kountouris A, Sims KJ, Orchard J, Beakley D, Brukner PD. Change to injury 

profile of elite male cricketers in the T20 era. New Zealand Journal of Sports Medicine. 

2015;42(1):13-7. 

32. Olivier B, Taljaard T, Burger E, Brukner P, Orchard J, Gray J et al. Which extrinsic and 

intrinsic factors are associated with non-contact injuries in adult cricket fast bowlers? Sports 

Medicine. 2016;46(1):79-101.  

33. Brughelli M, Cronin J, Levin G, Chaouachi A. Understanding change of direction ability 

in sport: a review of resistance training studies. Sports Medicine. 2008;38(12):1045-63.  

34. Verhagen AP, de Vet HC, de Bie RA, Kessels AG, Boers M, Bouter LM et al. The Delphi 

list: a criteria list for quality assessment of randomized clinical trials for conducting systematic 

reviews developed by Delphi consensus. Journal of Clinical Epidemiology. 1998;51(12):1235-

41. 

35. PEDro. PEDro scale. 1999. http://www.pedro.org.au/english/downloads/pedro-scale/. 

Accessed October, 2015. 



 137 

36. Higgins JPT, S G. Cochrane Handbook for Systematic Reviews of Interventions Version 

5.1.0 [updated March 2011]. The Cochrane Collaboration. 2011. www.cochrane-

handbook.org. Accessed October, 2015. 

37. Pyne DB, Duthie GM, Saunders PU, Petersen CA, Portus MR. Anthropometric and strength 

correlates of fast bowling speed in junior and senior cricketers. Journal of Strength and 

Conditioning Research. 2006;20(3):620-6. 

38. Johnstone JA, Ford PA. Physiologic profile of professional cricketers. Journal of Strength 

and Conditioning Research. 2010;24(11):2900-7.  

39. Orchard J, Farhart P, Kountouris A, James T, Portus M. Pace bowlers in cricket with history 

of lumbar stress fracture have increased risk of lower limb muscle strains, particularly calf 

strains. Open Access Journal Of Sports Medicine. 2010;1:177-82.  

40. Petersen CJ, Pyne D, Dawson B, Portus M, Kellett A. Movement patterns in cricket vary 

by both position and game format. Journal of Sports Sciences. 2010;28(1):45-52.  

41. Petersen CJ, Pyne DB, Dawson BT, Kellett AD, Portus MR. Comparison of training and 

game demands of national level cricketers. Journal of Strength and Conditioning Research. 

2011;25(5):1306-11.  

42. Petersen CJ, Pyne DB, Portus MR, Dawson BT. Comparison of player movement patterns 

between 1-day and test cricket. Journal of Strength and Conditioning Research. 

2011;25(5):1368-73.  

43. Lombard WP, Muir GA, McKune AJ. Minimal changes in indirect markers of muscle 

damage after an acute bout of indoor pre-season fast bowling. South African Journal for 

Research in Sport, Physical Education and Recreation. 2012;34(2):105-14. 



 138 

44. Phillips E, Portus M, Davids K, Renshaw I. Performance accuracy and functional 

variability in elite and developing fast bowlers. Journal of Science and Medicine in Sport. 

2012;15(2):182-8.  

45. Ranson C, Hurley R, Rugless L, Mansingh A, Cole J. International cricket injury 

surveillance: a report of five teams competing in the ICC Cricket World Cup 2011. British 

Journal of Sports Medicine. 2013;47(10):637-43.  

46. McNamara DJ, Gabbett TJ, Chapman P, Naughton G, Farhart P. The validity of 

microsensors to automatically detect bowling events and counts in cricket fast bowlers. 

International Journal of Sports Physiology and Performance. 2015;10(1):71-5.  

47. Orchard JW, Blanch P, Paoloni J, Kountouris A, Sims K, Orchard JJ et al. Fast bowling 

match workloads over 5-26 days and risk of injury in the following month. Journal of Science 

and Medicine in Sport. 2015;18(1):26-30.  

48. Orchard JW, Blanch P, Paoloni J, Kountouris A, Sims K, Orchard JJ et al. Cricket fast 

bowling workload patterns as risk factors for tendon, muscle, bone and joint injuries. British 

Journal of Sports Medicine. 2015;49(16):1064-8.  

49. Petersen C, Pyne DB, Portus MJ, Dawson B. Analysis of Twenty/20 Cricket performance 

during the 2008 Indian Premier League. International Journal of Performance Analysis in 

Sport. 2008;8(3):63-9. 

50. McNamara DJ, Gabbett TJ, Naughton G, Orchard JW. How submarine and guided missile 

technology can help reduce injury and improve performance in cricket fast bowlers. British 

Journal of Sports Medicine. 2016. doi:10.1136/bjsports-2015-095935. 

51. Duffield R, Drinkwater EJ. Time-motion analysis of Test and One-Day international cricket 

centuries. Journal of Sports Sciences. 2008;26(5):457-64.  



 139 

52. Burnett AF, Elliott BC, Marshall RN. The effect of a 12-over spell on fast bowling 

technique in cricket. Journal of Sports Sciences. 1995;13(4):329-41. 

53. Devlin LH, Fraser SF, Barras NS, Hawley JA. Moderate levels of hypohydration impairs 

bowling accuracy but not bowling velocity in skilled cricket players. Journal of Science and 

Medicine in Sport. 2001;4(2):179-87. 

54. Cormack SJ, Newton RU, McGuigan MR, Cormie P. Neuromuscular and endocrine 

responses of elite players during an Australian rules football season. International Journal of 

Sports Physiology and Performance. 2008;3(4):439-53. 

55. Maso F, Lac G, Filaire E, Michaux O, Robert A. Salivary testosterone and cortisol in rugby 

players: correlation with psychological overtraining items. British Journal of Sports Medicine. 

2004;38(3):260-3. 

56. Urhausen A, Kindermann W. Diagnosis of overtraining: what tools do we have? Sports 

Medicine. 2002;32(2):95-102. 

57. Johnson M, Ferreira M, Hush J. Lumbar vertebral stress injuries in fast bowlers: a review 

of prevalence and risk factors. Physical Therapy in Sport. 2012;13(1):45-52.  

58. Varley MC, Fairweather IH, Aughey RJ. Validity and reliability of GPS for measuring 

instantaneous velocity during acceleration, deceleration, and constant motion. Journal of 

Sports Sciences. 2012;30(2):121-7.  

59. Aughey RJ, Falloon C. Real-time versus post-game GPS data in team sports. Journal of 

Science and Medicine in Sport. 2010;13(3):348-9. 

60. Montgomery PG, Pyne DB, Minahan CL. The physical and physiological demands of 

basketball training and competition. International Journal of Sports Physiology and 

Performance. 2010;5(1):75-86. 



 140 

61. McLean BD, Coutts AJ, Kelly V, McGuigan MR, Cormack SJ. Neuromuscular, endocrine, 

and perceptual fatigue responses during different length between-match microcycles in 

professional rugby league players. International Journal of Sports Physiology and 

Performance. 2010;5(3):367-83. 

62. Hess MR, Kromrey JD, editors. Robust confidence intervals for effect sizes: A comparative 

study of Cohen’sd and Cliff’s delta under non-normality and heterogeneous variances. annual 

meeting of the American Educational Research Association, San Diego; 2004. 

63. Macbeth G, Razumiejczyk E, Ledesma RD. Cliff's Delta Calculator: A non-parametric 

effect size program for two groups of observations. Universitas Psychologica. 2011;10(2):545-

55. 

64. Romano J, Kromrey JD, Coraggio J, Skowronek J, editors. Appropriate statistics for ordinal 

level data: Should we really be using t-test and Cohen’sd for evaluating group differences on 

the NSSE and other surveys. Annual meeting of the Florida Association of Institutional 

Research; 2006. 

65. Cohen J. Statistical Power Analysis for the Behavioral Sciences (2nd Edition). New Jersey: 

Lawrence Erlbaum Associates; 1988. 

66. Hopkins W. Confidence limits and magnitude-based inferences from p values. 2007. 

newstats.org/xcontrial.xls. 

67. Alix-Sy D, Le Scanff C, Filaire E. Psychophysiological responses in the pre-competition 

period in elite soccer players. Journal of Sports Science and Medicine. 2008;7(4):446-54. 

68. Weissensteiner JR, Abernethy B, Farrow D, Gross J. Distinguishing psychological 

characteristics of expert cricket batsmen. Journal of Science and Medicine in Sport. 

2012;15(1):74-9. 



 141 

69. Vingren JL, Kraemer WJ, Ratamess NA, Anderson JM, Volek JS, Maresh CM. 

Testosterone physiology in resistance exercise and training. Sports Medicine. 

2010;40(12):1037-53. 

70. Casamichana D, Castellano J. Time–motion, heart rate, perceptual and motor behaviour 

demands in small-sides soccer games: Effects of pitch size. Journal of Sports Sciences. 

2010;28(14):1615-23. 

71. Worthington PJ, King MA, Ranson CA. Relationships between fast bowling technique and 

ball release speed in cricket. Journal of Applied Biomechanics. 2013;29(1):78-84. 

72. Petersen C, Pyne D, Portus M, Dawson B. Validity and reliability of GPS units to monitor 

cricket-specific movement patterns. International Journal of Sports Physiology and 

Performance. 2009;4(3):381-93. 

73. Aughey RJ. Applications of GPS technologies to field sports. International Journal of 

Sports Physiology and Performance. 2011;6(3):295-310. 

74. Portus MR, Sinclair PJ, Burke ST, Moore DJ, Farhart PJ. Cricket fast bowling performance 

and technique and the influence of selected physical factors during an 8-over spell. Journal of 

Sports Sciences. 2000;18(12):999-1011. 

75. Carre MJ, Baker SW, Newell AJ, Haake SJ. The dynamic behaviour of cricket balls during 

impact and variations due to grass and soil type. Sports Engineering (International Sports 

Engineering Association). 1999;2(3):145-60. 

76. Coutts AJ, Duffield R. Validity and reliability of GPS devices for measuring movement 

demands of team sports. Journal of Science and Medicine in Sport. 2010;13(1):133-5. 

77. Kempton T, Sirotic AC, Coutts AJ. Between match variation in professional rugby league 

competition. Journal of Science and Medicine in Sport. 2014;17(4):404-7. 



 142 

78. Hopkins WG. A New View of Statistics. 2002. http://sportsci.org/resource/stats/index.html. 

2015. 

79. Hopkins WG. Measures of reliability in sports medicine and science. Sports Medicine. 

2000;30(1):1-15. 

80. Atkinson G, Nevill AM. Statistical methods for assessing measurement error (reliability) 

in variables relevant to sports medicine. Sports Medicine. 1998;26(4):217-38. 

81. McNamara DJ, Gabbett TJ, Chapman P, Naughton G, Farhart P. Variability of PlayerLoad, 

Bowling Velocity, and Performance Execution in Fast Bowlers Across Repeated Bowling 

Spells. International Journal of Sports Physiology and Performance. 2015;10(8):1009-14. 

doi:10.1123/ijspp.2014-0497. 

82. Orchard JW. Injury surveillance in cricket. British Journal of Sports Medicine. 

2013;47(10):605-6. doi:10.1136/bjsports-2012-092138. 

83. Fleisig GS, Andrews JR, Cutter GR, Weber A, Loftice J, McMichael C et al. Risk of serious 

injury for young baseball pitchers: a 10-year prospective study. The American Journal of Sports 

Medicine. 2011;39(2):253-7. doi:10.1177/0363546510384224. 

84. Gabbett T. The training-injury prevention paradox: should athletes be training smarter and 

harder? British Journal of Sports Medicine. 2015;(In Press). 

 

 



 

Appendices 

  



 144 

 

Appendix A - Evidence of Publications 

Chapter 2 – McNamara DJ, Gabbett TJ, Naughton G. Assessment of workload and its effects on 

performance and injury in elite cricket fast bowlers. Sports Medicine, 2016, DOI 10.1007/s40279-016-

0588-8. 

 

  



 145 

Chapter 3 - McNamara DJ, Gabbett TJ, Naughton G, Farhart P, and Chapman P. Physical preparation 

and competition workloads and fatigue responses of elite junior cricket players. International Journal 

Sports Physiology Performance, 2013, 8 (5), 517-526. 

 

 

  



 146 

Chapter 4 - McNamara DJ, Gabbett TJ, Chapman P, Naughton G, and Farhart P. The validity of 

microsensors to automatically detect bowling events and counts in cricket fast bowlers. International 

Journal Sports Physiology Performance, 2015, 10 (1), 71-75. 

 

  



 147 

Chapter 5 - McNamara DJ, Gabbett TJ, Chapman P, Naughton G, and Farhart P. Variability of 

PlayerLoad™, bowling velocity and performance execution in fast bowlers across repeated bowling 

spells. International Journal Sports Physiology Performance, 2015, 10 (8), 1009-1014. 

 

  



 148 

Appendix B – Published Editorial 

McNamara DJ, Gabbett TJ, Naughton G, Orchard J. How submarine and guided missile technology can 

help reduce injury and improve performance in cricket fast bowlers. British Journal of Sports Medicine. 

2016. doi:10.1136/bjsports-2015-095935 

 

  



 149 

How submarine and guided missile technology can help reduce injury and improve performance 

in Cricket Fast Bowlers 

 

 

 

This editorial has been accepted for publication following peer review. Full reference details are:  

 

McNamara DJ, Gabbett TJ, Naughton G, Orchard J. How submarine and guided missile technology can 

help reduce injury and improve performance in cricket fast bowlers. British Journal of Sports Medicine. 
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Cricket – Tradition Meets Flare 

There are three formats of cricket competition (multi-day unlimited overs with approximately 150-300 

overs delivered by one team), 50-over, and Twenty20; T20 – 20 overs). An over is a measure of 

workload – 6 consecutive deliveries by a bowler. A delivery carries the ball to the batsman 20 meters 

away at speeds varying from 80-160 km/hr.  

 

In these three forms of cricket a bowler’s workload may vary from 60 overs to 4 overs in one of the 

matches. Because of this varying workload and intensity, cricket match-play provides a complex 

challenge for clinicians and coaches [41]. Arguably, no other professional sport has experienced greater 

changes in competitive workload demands than cricket over the past 10 years; perhaps most specifically 

via the introduction of T20 cricket. 

 

Fast Bowling – A Sporting Activity Punctuated with Injury Risk 

Fast bowlers are at greater risk of injury than their team mates [82], and the nature of the injuries 

sustained tend to involve extensive rehabilitation periods. These injuries are largely associated with 

repetitive large forces experienced by fast bowlers during their bowling actions resulting in accumulated 

stresses [47]. With a predominance of trunk and lower limb injury in fast bowlers, the injury profile is 

more similar to a football player than a baseball pitcher; the latter sustaining mainly shoulder and elbow 

injuries [83]. 

 

Acute:Chronic Bowling Workloads – Training for the Marathon and the Sprint 

Acute bowling workloads represent a 7-day average and chronic bowling workloads a 28-day rolling 

average [84]. In the pre-T20 era both bowling too much and too little were linked with increased injury 
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risk [19]. Recent analysis has identified that the rate of increase in bowling workload (represented by 

the acute:chronic workload ratio) is more reflective of injury risk than the absolute amount of bowling 

[20]. 

 

Over the past 10 years, the end goal could be a 3-hour cricket match, a 5-day cricket match, or routinely, 

both. Progressing a bowler to a window of decreased injury likelihood requires workload to be viewed 

as a moving target. Different bowling workloads are required to prepare a player to bowl 4 overs (as in 

the case of a T20 match) or upwards of 50 overs (as in the case of a multi-day match). When preparing 

fast bowlers for concurrent multi-day cricket and shorter forms of the game, it is possible that a fast 

bowler may be best prepared for the largest workload demand which is most likely associated with the 

bowling load of multi-day cricket.  

 

Tracking the Missile - Using Technology to Monitor Bowling Workload 

Currently, the reporting of bowling loads requires players and coaches to manually record the number 

of deliveries bowled during each training session. However, a potential flaw exists within the current 

model of acute:chronic workload monitoring of fast bowlers. An assumption exists that all balls bowled 

are equal. Counting all deliveries including those that are performed at sub-maximal intensities, may 

not accurately reflect the bowler’s preparedness to perform at maximal intensities. Recently, advances 

in wearable microtechnology have resulted in ‘smart algorithms’ to automatically count balls delivered 

by fast bowlers [45]. These ‘smart algorithms’ rely on the interaction of the accelerometers, 

magnetometers and gyroscopes housed within the wearable unit; the same technology used to navigate 

submarines, guided missiles, and spacecraft. Once the technology detects a ball bowled by the fast 

bowler, measures of bowling intensity can be attached to that individual delivery via the accelerometer 

and gyroscope outputs. Tagging individual balls with an intensity measure provides both immediate 
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analysis such as identifying effort balls, or potentially a drop in performance due to fatigue, or longer 

term workload analysis in establishing inclusion and exclusion criteria for the make-up of the 

acute:chronic workload ratio.  

 

These microtechnology devices offer a stable measure of bowling ‘load’ across repeated bowling spells. 

In addition, this microtechnology may quantify the intensity of individual deliveries bowled in both 

training and competition. Measuring bowling intensity for individual balls or sessions provides context 

for the acute and chronic workload of the individual bowler, and ultimately the preparedness of the 

bowler for the maximal workload of the immediate competition. Automated measures of bowling 

workload and intensity provide opportunity to enhance the monitoring of fast bowling preparation for 

both injury prevention and performance outcomes (Figure 13).  
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Figure 13. Acute and chronic bowling loads of an individual fast bowler over 3 months of a cricket 

preseason. Acute Load = 7-day average. Chronic Load = 28-day average. (A) All balls bowled included. 

(B) Only balls bowled at high intensity included. Balls bowled at high intensity were defined as a ball 

bowled at greater than 80% of the highest Player Load™ score recorded.  

 

Longitudinal Injury Research, Implementing New Technologies and Challenges 

Advances in microtechnology have allowed some insight into the workloads of different cricket match-

play formats [41], and the training used to prepare for these competitions [45]. We expect wearable 

technology will become routine in cricket over the next decade. This will be driven from both the 

perspective of athlete wellbeing and performance; concomitantly supporting the need for novel metrics 

of player performance in broadcasting to sporting fans. Customised metrics from this technology that 

are unique to cricket will advance the understanding of fast bowling preparedness, optimising workload 

monitoring and assist in injury prevention strategies for fast bowlers.  
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Appendix C - Information Letters and Consent Forms 

 

Chapter 3. Physical preparation and competition workloads and fatigue responses of elite junior 

cricket players 

INFORMATION LETTER TO PARTICIPANTS 
 

TITLE OF PROJECT: Physical preparation and competition workloads and fatigue responses of elite junior cricket players

............................................................................................................................................................... ………………… 
 
PRINCIPAL INVESTIGATOR: Dr Tim Gabbett .............................................................................................................  
 
STUDENT RESEARCHER : Mr Dean McNamara .........................................................................................................  
 
PROGRAMME IN WHICH ENROLLED: …Ph.D…………………………………………..… 
 
Dear Participant, 
 
You are invited to participate in a research project designed for athletes competing in the age national cricket 
championships during the 2011/12 cricket season. The purpose of this study is to monitor the workloads of 
adolescent cricketers during preparation and competition. The researchers will be collecting data regarding 
neuromuscular, endocrine, and perceptual markers of fatigue. This will be done through various counter 
movement jumps (CMJ), saliva assays, and questionnaires. Workload and performance variables will be taken 
throughout the study involving video and GPS analysis. This research is for a PhD project and will lead to a thesis.  
 
The study will have minimal inconvenience on your preparation with much of the data already a part of the 
normal screening procedures undertaken by your state organisation.  Testing will occur at scheduled training 
and during the national cricket championships. Questionnaires will be completed at a time that best fits in with 
the participant.  If any participant suffers physical injury or psychological stress during the duration of this 
project they will directed to the preferred and relevant services providers of Cricket NSW.  
 
As a participant you will be asked to complete various CMJ’s, preparing saliva samples for analysis, and daily 
subjective measures of fatigue. Video analysis will also take place during the competition phase of the data 
collection. You will be asked if you are willing to wear a GPS unit throughout training and competition. The GPS 
units are small matchbox sized units worn in a foam pouch between your shoulder blades.  All data and samples 
will be stored on the university, in Strathfield.  
 
Benefits from participation include enhanced self-awareness of overreaching/overtraining and comprehensive 
workload analysis. Risk to any participant is minimal as no athlete will be asked to do more than there current 
training and match workload set out by the current coaches.  
 
It is possible that you will be asked to attend training sessions up to 30min prior to commencement to 
participate in data collection.  
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This research aims to: 
 
1. Profile the match play demands of adolescent cricket. 

2. Advance the understanding of the training loads, stress, fatigue, and recovery associated with preparing and 

participating for elite adolescent cricket competition.   

3. Identify the effect of different physical preparations on markers of stress, fatigue, and recovery and 

competition performance in elite adolescent cricket players.  

 
The paper is designed for publication in scientific journals. All data will be reported as group average data and 
no reference will be made to individuals.  
 
As a participant in this study you are free to refuse consent altogether without the need to justify your decision. 
You are also able to withdraw consent and discontinue participation in the study at any time without giving a 
reason. 
 
Confidentiality will be protected throughout the duration of this study. Players will be provided with their 
individual results and encouraged to share their results with their coach for the purposes of performance 
improvement. All data will be stored at the ACU campus in Strathfield and destroyed in the appropriate time 
and manner as directed by the university policies.  
 
 
Any questions regarding this project should be directed to the Principal Investigator and the Student Researcher: 
 
 Names and Titles: Dr Tim Gabbett & Mr Dean McNamara .................................  
 Telephone number:   0402 696 496 ....................................................................  
 School:  Exercise Science (Brisbane and Strathfield) ...........................................  
 Campus Address:  25A Barker Rd, Strathfield, NSW & 1100 Nudgee Rd, Banyo, QLD

  
 
This study has been granted approval by the Australian Catholic University ethics committee. 
 
In the event that you have any complaint or concern, or if you have any query that the Investigator (or Supervisor 
and Student Researcher) has not been able to satisfy, you may write to the Chair of the Human Research Ethics 
Committee care of the nearest branch of the Research Services Office.
 
VIC: Chair, HREC 
C/- Research Services 
Australian Catholic University 
Melbourne Campus 
Locked Bag 4115 
FITZROY VIC 3065 
Tel: 03 9953 3158 
Fax: 03 9953 3315 
 

 
QLD: Chair, HREC 
C/- Research Services 
Australian Catholic University 
Brisbane Campus 
PO Box  456 
Virginia QLD 4014 
Tel: 07  3623 7429 
Fax: 07  3623 7328 
 

 
NSW and ACT: Chair, HREC 
C/- Research Services 
Australian Catholic University 
North Sydney Campus 
PO Box 968 
NORTH SYDNEY NSW 2059 
Tel: 02 9739 2105 
Fax: 02 9739 2870 
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Any complaint or concern will be treated in confidence and fully investigated. You will be informed of the 
outcome. 
 

 If you agree to participate in this project, you should sign both copies of the Consent Form, retain one 

copy for your records and return the other copy to the Principal Investigator (or Supervisor) or Student 

Researcher. 

 

 

 

Dr Tim Gabbett      Mr Dean McNamara 

Principal Investigator     Student Researcher 

 

  



157 
 

 

CONSENT FORM 

Copy for Participant to Keep 
 
TITLE OF PROJECT: Physical preparation and competition workloads and fatigue responses of elite junior 

cricket players .................................................................................................................................................  
 ........................................................................................................................................................................   
 
PRINCIPAL INVESTIGATOR: Dr Tim Gabbett ...................................................................................................  
 
 STUDENT RESEARCHER: Mr Dean McNamara ...............................................................................................  

 
 
I ................................................... (the participant) have read (or, where appropriate, have had 
read to me) and understood the information provided in the Letter to Participants. Any questions 
I have asked have been answered to my satisfaction. I agree to participate in this project in the 
6-8 weeks leading into and during the national championships. 
 
I understand (please tick) 
☐  if I agree to participate in this project I will be contacted by the researchers 
☐ video analysis will be taken 
☐ data collection will include GPS monitors, saliva samples , countermovement jumps and 

the completion of questionnaires. 
☐ data collected by Cricket NSW may be used in the publication of this research. 
 
I realise that I can withdraw my consent at any time without adverse consequences.  I agree that 
research data collected for the study may be published or may be provided to other researchers 
in a form that does not identify me in any way. I agree that results may be shared amongst 
coaches for player analysis purposes. 
  
 

 

NAME OF PARTICIPANT:    ...............................................................................................................................  
 

SIGNATURE .....................................................................                                                    DATE 

................................. 

 

SIGNATURE OF PRINCIPAL INVESTIGATOR .....................................................................................................  

DATE:……………………….. 

SIGNATURE OF STUDENT RESEARCHER: .........................................................................................................  

DATE:.......................………. 
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PARENT/GUARDIANCONSENT FORM 
Copy for Researcher  

TITLE OF PROJECT: Physical preparation and competition workloads and fatigue responses of elite junior 

cricket players .................................................................................................................................................  
PRINCIPAL INVESTIGATOR: Dr Tim Gabbett ...................................................................................................  
STUDENT RESEARCHER: Mr Dean McNamara ................................................................................................  
 
I  ...................................................  (the parent/guardian) have read (or, where appropriate, have had 

read to me) and understood the information provided in the Letter to Participants. Any questions 
I have asked have been answered to my satisfaction. I agree that my child, nominated below may 
participate in this project in the 6-8 weeks leading into and during the national championships. 
 
I understand (please tick) 
☐  if I agree to participate in this project my child will be contacted by the researchers 
☐ video analysis will be taken 
☐ data collection will include GPS monitors, saliva samples , countermovement jumps and 

the completion of questionnaires. 
☐ data collected by Cricket NSW may be used in the publication of this research. 
 
I realise that I can withdraw my consent at any time without adverse consequences.  I agree that 
research data collected for the study may be published or may be provided to other researchers 
in a form that does not identify my child in any way. I agree that results may be shared amongst 
coaches for player analysis purposes. 
 
NAME OF PARENT/GUARDIAN:     
 
SIGNATURE  
......................................................…………………….… DATE:
  
  
NAME OF CHILD     
 
SIGNATURE OF PRINCIPAL INVESTIGATOR:  ...................................................................................................  
  
 DATE: ...........................  
SIGNATURE OF STUDENT RESEARCHER:  
   DATE: …………………… 

ASSENT OF PARTICIPANTS AGED UNDER 18 YEARS 
I ……………………… (the participant aged under 18 years) understand what this research project is 

designed to explore. What I will be asked to do has been explained to me. I agree to take part 6-8 weeks 
leading into and during the national championships and understand that video, GPS, and 
salivary analysis, countermovement jumps, and completion of questionnaires will take place, 
realising that I can withdraw at any time without having to give a reason for my decision. I agree that 
results may be shared amongst coaches for player analysis purposes. 
NAME OF PARTICIPANT AGED UNDER 18:    ...................................................................................................  
 
SIGNATURE:………… ..................................................................................................... DATE:
  
 
SIGNATURE OF PRINCIPAL INVESTIGATOR: ....................................................................................................  
 DATE: 

SIGNATURE OF STUDENT RESEARCHER: .........................................................................................................  
  DATE:
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Chapter 4 - The validity of microsensors to automatically detect bowling events and counts 

in cricket fast bowlers 

INFORMATION LETTER TO PARTICIPANTS 
 

TITLE OF PROJECT: The validity of microsensors to automatically detect bowling events and counts in cricket fast 

bowlers .......................................................................................................................................... ………………… 
 
PRINCIPAL INVESTIGATOR: Dr Tim Gabbett ...................................................................................................  
 
STUDENT RESEARCHER : Mr Dean McNamara ...............................................................................................  
 
PROGRAMME IN WHICH ENROLLED: …Ph.D…………………………………………..… 
 
Dear Participant, 
 
You are invited to participate in a research project designed for Fast Bowlers participating at an elite/semi-
elite level of cricket. The purpose of this study is to validate the various methods of identifying and 
quantifying workloads in fast bowlers. This project will take place throughout the 2012/13 cricket season. 
The researchers will collect data regarding the loads experienced whilst bowling in training and match 
settings. Workload and performance variables will be taken throughout the study involving video and GPS 
analysis, RPE based questionnaires and timed events. This research is for a PhD project and will lead to a 
thesis.  
 
The study will have minimal inconvenience on your preparation with much of the data already a part of 
the normal screening procedures undertaken by your state organisation.  Testing will occur at scheduled 
training and during the national cricket championships. Questionnaires will be completed at a time that 
best fits in with the participant.  If any participant suffers physical injury or psychological stress during the 
duration of this project they will be directed to the preferred and relevant services providers of Cricket 
NSW.  
 
As a participant you will be asked if you are willing to wear a GPS unit throughout training and competition. 
The GPS units are small matchbox sized units worn in a foam pouch between your shoulder blades Video 
analysis will also take place during the competition phase of the data collection. All data will be stored on 
the university campus, in Strathfield.  
 
Benefits from participation include enhanced and comprehensive workload analysis. Risk to any 
participant is minimal as no athlete will be asked to do more than their current training and match 
workload set out by the state coaches.  
 
It is possible that you will be asked to attend training sessions up to 30min prior to commencement to 
participate in data collection.  
 
This research aims to: 
 
1. Validate new methods of identifying fast bowling workloads.  

2. Advance the understanding and reporting of fast bowling workloads for physical conditioning and injury 

prevention.  

The paper is designed for publication in scientific journals. All data will be reported as group average data 
and no reference will be made to individuals.  
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As a participant in this study you are free to refuse consent altogether without the need to justify your 
decision. You are also able to withdraw consent and discontinue participation in the study at any time 
without giving a reason. 
 
Confidentiality will be protected throughout the duration of this study. Players will be provided with their 
individual results and encouraged to share their results with their coach for the purposes of performance 
improvement. All data will be stored at the ACU campus in Strathfield and destroyed in the appropriate 
time and manner as directed by the university policies.  
 
Any questions regarding this project should be directed to the Principal Investigator and the Student 
Researcher: 
 
 Names and Titles: Dr Tim Gabbett & Mr Dean McNamara .................................  
 Telephone number:   0402 696 496 ....................................................................  
 School:  Exercise Science (Brisbane and Strathfield) ...........................................  
 Campus Address:  25A Barker Rd, Strathfield, NSW & 1100 Nudgee Rd, Banyo, 

QLD  
 
This study has been granted approval by the Australian Catholic University ethics committee. 
 
In the event that you have any complaint or concern, or if you have any query that the Investigator (or 
Supervisor and Student Researcher) has not been able to satisfy, you may write to the Chair of the Human 
Research Ethics Committee care of the nearest branch of the Research Services Office. 
 

VIC: Chair, HREC 
C/- Research Services 
Australian Catholic University 
Melbourne Campus 
Locked Bag 4115 
FITZROY VIC 3065 
Tel: 03 9953 3158 
Fax: 03 9953 3315 
 

QLD: Chair, HREC 
C/- Research Services 
Australian Catholic University 
Brisbane Campus 
PO Box  456 
Virginia QLD 4014 
Tel: 07  3623 7429 
Fax: 07  3623 7328 
 

NSW and ACT: Chair, HREC 
C/- Research Services 
Australian Catholic University 
North Sydney Campus 
PO Box 968 
NORTH SYDNEY NSW 2059 
Tel: 02 9739 2105 
Fax: 02 9739 2870 
 
 

Any complaint or concern will be treated in confidence and fully investigated. You will be informed of the 
outcome. 
 

If you agree to participate in this project, you should sign both copies of the Consent Form, retain one 

copy for your records and return the other copy to the Principal Investigator (or Supervisor) or Student 

Researcher. 

 

 

 

Dr Tim Gabbett      Mr Dean McNamara 

Principal Investigator     Student Researcher 
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CONSENT FORM 

Copy for Participant to Keep 
 
TITLE OF PROJECT: The validity of microsensors to automatically detect bowling events and counts in cricket fast 

bowlers .............................................................................................................................................................  
 ........................................................................................................................................................................   
 
PRINCIPAL INVESTIGATOR: Dr Tim Gabbett ...................................................................................................  
 
 STUDENT RESEARCHER: Mr Dean McNamara ...............................................................................................  

 
 
I ................................................... (the participant) have read (or, where appropriate, have had 
read to me) and understood the information provided in the Letter to Participants. Any questions 
I have asked have been answered to my satisfaction. 
 
I understand (please tick) 
☐  if I agree to participate in this project I will be contacted by the researchers 
☐ video analysis will be taken 
☐ data collection will include GPS monitors, timing measures, . 
☐ data collected by Cricket NSW may be used in the publication of this research. 
 
I realise that I can withdraw my consent at any time without adverse consequences.  I agree that 
research data collected for the study may be published or may be provided to other researchers 
in a form that does not identify me in any way. I agree that results may be shared amongst 
coaches for player analysis purposes. 
  
 

 

NAME OF PARTICIPANT:    ...............................................................................................................................  
 

SIGNATURE .....................................................................                                                    DATE 

................................. 

 

SIGNATURE OF PRINCIPAL INVESTIGATOR .....................................................................................................  

DATE:……………………….. 

SIGNATURE OF STUDENT RESEARCHER: .........................................................................................................  

DATE:.......................……….  
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CONSENT FORM 

Copy for Researcher to Keep 
 
TITLE OF PROJECT: Validation of wearable microtechnology units for detecting cricket fast bowling events ..........  
 ........................................................................................................................................................................   
 
PRINCIPAL INVESTIGATOR: Dr Tim Gabbett ...................................................................................................  
 
 STUDENT RESEARCHER: Mr Dean McNamara ...............................................................................................  

 
 
I ................................................... (the participant) have read (or, where appropriate, have had 
read to me) and understood the information provided in the Letter to Participants. Any questions 
I have asked have been answered to my satisfaction. 
 
I understand (please tick) 
☐  if I agree to participate in this project I will be contacted by the researchers 
☐ video analysis will be taken 
☐ data collection will include GPS monitors, timing measures, . 
☐ data collected by Cricket NSW may be used in the publication of this research. 
 
I realise that I can withdraw my consent at any time without adverse consequences.  I agree that 
research data collected for the study may be published or may be provided to other researchers 
in a form that does not identify me in any way. I agree that results may be shared amongst 
coaches for player analysis purposes. 
 

 

NAME OF PARTICIPANT:    ...............................................................................................................................  
 

SIGNATURE .....................................................................                                                    DATE 

................................. 

 

SIGNATURE OF PRINCIPAL INVESTIGATOR .....................................................................................................  

DATE:……………………….. 

SIGNATURE OF STUDENT RESEARCHER: .........................................................................................................  

DATE:.......................………. 
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Chapter 5 - Variability of Player Load™, bowling velocity, and performance execution in 

fast bowlers across repeated bowling spells 

INFORMATION LETTER TO PARTICIPANTS 
 

TITLE OF PROJECT: Variability of Player Load™, bowling velocity, and performance execution in fast bowlers 

across repeated bowling spells ........................................................................................................ ………………… 
 
PRINCIPAL INVESTIGATOR: Dr Tim Gabbett ...................................................................................................  
 
STUDENT RESEARCHER : Mr Dean McNamara ...............................................................................................  
 
PROGRAMME IN WHICH ENROLLED: …Ph.D…………………………………………..… 
 
Dear Participant, 
 
You are invited to participate in a research project designed for Fast Bowlers participating at an elite/semi-
elite level of cricket. The purpose of this study is to identify the stability of wearable microtechnology 
variables, bowling velocity, and performance execution in fast bowlers across repeated bowling spells. 
This project will take place throughout the 2013/14 cricket preseason. The researchers will collect data 
regarding the loads experienced whilst bowling in training and the resultant bowling performance. 
Workload and performance variables will be taken throughout the study involving GPS analysis, ball 
velocity and bowling execution scores. This research is for a PhD project and will lead to a thesis.  
 
The study will have minimal inconvenience on your preparation with much of the data already a part of 
the normal screening procedures undertaken by your state organisation.  Testing will occur at scheduled 
training sessions. Questionnaires will be completed at a time that best fits in with the participant.  If any 
participant suffers physical injury or psychological stress during the duration of this project they will be 
directed to the preferred and relevant services providers of Cricket NSW.  
 
As a participant you will be asked if you are willing to wear a GPS unit throughout training. The GPS units 
are small matchbox sized units worn in a foam pouch between your shoulder blades Video analysis will 
also take place during the competition phase of the data collection. All data will be stored on the university 
campus, in Strathfield.  
 
Benefits from participation include enhanced and comprehensive workload analysis. Risk to any 
participant is minimal as no athlete will be asked to do more than their current training and match 
workload set out by the state coaches.  
 
It is possible that you will be asked to attend training sessions up to 30min prior to commencement to 
participate in data collection.  
 
This research aims to: 
To identify the stability of microtechnology outputs during repeated fast bowling events.    

 
 
 
The paper is designed for publication in scientific journals. All data will be reported as group average data 
and no reference will be made to individuals.  
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As a participant in this study you are free to refuse consent altogether without the need to justify your 
decision. You are also able to withdraw consent and discontinue participation in the study at any time 
without giving a reason. 
 
Confidentiality will be protected throughout the duration of this study. Players will be provided with their 
individual results and encouraged to share their results with their coach for the purposes of performance 
improvement. All data will be stored at the ACU campus in Strathfield and destroyed in the appropriate 
time and manner as directed by the university policies.  
 
Any questions regarding this project should be directed to the Principal Investigator and the Student 
Researcher: 
 
 Names and Titles: Dr Tim Gabbett & Mr Dean McNamara .................................  
 Telephone number:   0402 696 496 ....................................................................  
 School:  Exercise Science (Brisbane and Strathfield) ...........................................  
 Campus Address:  25A Barker Rd, Strathfield, NSW & 1100 Nudgee Rd, Banyo, 

QLD  
 
This study has been granted approval by the Australian Catholic University ethics committee. 
 
In the event that you have any complaint or concern, or if you have any query that the Investigator (or 
Supervisor and Student Researcher) has not been able to satisfy, you may write to the Chair of the Human 
Research Ethics Committee care of the nearest branch of the Research Services Office. 
 
 

VIC: Chair, HREC 
C/- Research Services 
Australian Catholic University 
Melbourne Campus 
Locked Bag 4115 
FITZROY VIC 3065 
Tel: 03 9953 3158 
Fax: 03 9953 3315 
 

QLD: Chair, HREC 
C/- Research Services 
Australian Catholic University 
Brisbane Campus 
PO Box  456 
Virginia QLD 4014 
Tel: 07  3623 7429 
Fax: 07  3623 7328 
 

NSW and ACT: Chair, HREC 
C/- Research Services 
Australian Catholic University 
North Sydney Campus 
PO Box 968 
NORTH SYDNEY NSW 2059 
Tel: 02 9739 2105 
Fax: 02 9739 2870 
 
 

 
Any complaint or concern will be treated in confidence and fully investigated. You will be informed of the 
outcome. 
If you agree to participate in this project, you should sign both copies of the Consent Form, retain one 

copy for your records and return the other copy to the Principal Investigator (or Supervisor) or Student 

Researcher. 

 

 

 

Dr Tim Gabbett      Mr Dean McNamara 

Principal Investigator     Student Researcher 
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CONSENT FORM 

Copy for Participant to Keep 
 
TITLE OF PROJECT: Variability of Player Load™, bowling velocity, and performance execution in fast bowlers 

across repeated bowling spells  
 
PRINCIPAL INVESTIGATOR: Dr Tim Gabbett ...................................................................................................  
 
 STUDENT RESEARCHER: Mr Dean McNamara ...............................................................................................  

 
 
I ................................................... (the participant) have read (or, where appropriate, have had 
read to me) and understood the information provided in the Letter to Participants. Any questions 
I have asked have been answered to my satisfaction. 
 
I understand (please tick) 
☐  if I agree to participate in this project I will be contacted by the researchers 
☐ video analysis will be taken 
☐ data collection will include GPS monitors, timing measures. 
☐ data collected by Cricket NSW may be used in the publication of this research. 
 
I realise that I can withdraw my consent at any time without adverse consequences.  I agree that 
research data collected for the study may be published or may be provided to other researchers 
in a form that does not identify me in any way. I agree that results may be shared amongst 
coaches for player analysis purposes. 
  
 

 

NAME OF PARTICIPANT:    ...............................................................................................................................  
 

SIGNATURE .....................................................................                                                    DATE 

................................. 

 

SIGNATURE OF PRINCIPAL INVESTIGATOR .....................................................................................................  

DATE:……………………….. 

SIGNATURE OF STUDENT RESEARCHER: .........................................................................................................  

DATE:.......................……….  
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CONSENT FORM 

Copy for Researcher to Keep 
 
TITLE OF PROJECT: Variability of Player Load™, bowling velocity, and performance execution in fast bowlers 

across repeated bowling spells  
 
PRINCIPAL INVESTIGATOR: Dr Tim Gabbett ...................................................................................................  
 
 STUDENT RESEARCHER: Mr Dean McNamara ...............................................................................................  

 
 
I ................................................... (the participant) have read (or, where appropriate, have had 
read to me) and understood the information provided in the Letter to Participants. Any questions 
I have asked have been answered to my satisfaction. 
 
I understand (please tick) 
☐  if I agree to participate in this project I will be contacted by the researchers 
☐ video analysis will be taken 
☐ data collection will include GPS monitors, timing measures. 
☐ data collected by Cricket NSW may be used in the publication of this research. 
 
I realise that I can withdraw my consent at any time without adverse consequences.  I agree that 
research data collected for the study may be published or may be provided to other researchers 
in a form that does not identify me in any way. I agree that results may be shared amongst 
coaches for player analysis purposes. 
 

 

NAME OF PARTICIPANT:    ...............................................................................................................................  
 

SIGNATURE .....................................................................                                                    DATE 

................................. 

 

SIGNATURE OF PRINCIPAL INVESTIGATOR .....................................................................................................  

DATE:……………………….. 

SIGNATURE OF STUDENT RESEARCHER: .........................................................................................................  

DATE:.......................………. 
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Chapter 6 - Relationship between wearable microtechnology device variables and cricket 

fast bowling intensity 

 

INFORMATION LETTER TO PARTICIPANTS 
 

TITLE OF PROJECT: Relationship between wearable microtechnology device variables and cricket fast bowling 

intensity ......................................................................................................................................... ………………… 
 
PRINCIPAL INVESTIGATOR: Dr Tim Gabbett ...................................................................................................  
 
STUDENT RESEARCHER : Mr Dean McNamara ...............................................................................................  
 
PROGRAMME IN WHICH ENROLLED: …Ph.D…………………………………………..… 
 
Dear Participant, 
 
You are invited to participate in a research project designed for Fast Bowlers participating at an elite/semi-
elite level of cricket. The purpose of this study is to examine relationships between weabale 
microtechnology device variables and cricket fast bowling intensity. This project will take place 
throughout the 2013/14 cricket preseason. The researchers will collect data regarding the loads 
experienced whilst bowling in training, measures of bowling execution, and ball velocity. Bowling intensity 
will be performed by at a predetermined intensity and measures of microtechnology outputs and ball 
velocity will be used to quantify bowling intensity. This research is for a PhD project and will lead to a 
thesis.  
 
The study will have minimal inconvenience on your preparation with much of the data already a part of 
the normal training and screening completed in training.  Testing will occur at scheduled training sessions. 
If any participant suffers physical injury or psychological stress during the duration of this project they will 
be directed to the preferred and relevant services providers of Cricket NSW/Cricket Australia.  
 
As a participant you will be asked if you are willing to wear a GPS unit throughout training. The GPS units 
are small matchbox sized units worn in a foam pouch between your shoulder blades Video analysis will 
also take place during the competition phase of the data collection. All data will be stored on the university 
campus, in Strathfield.  
 
Benefits from participation include enhanced and comprehensive workload analysis. Risk to any 
participant is minimal as no athlete will be asked to do more than their current training and match 
workload set out by the state coaches.  
 
It is possible that you will be asked to attend training sessions up to 30min prior to commencement to 
participate in data collection.  
 
This research aims to: 
To identify the stability of microtechnology outputs during repeated fast bowling events.    
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The paper is designed for publication in scientific journals. All data will be reported as group average data 
and no reference will be made to individuals.  
 
As a participant in this study you are free to refuse consent altogether without the need to justify your 
decision. You are also able to withdraw consent and discontinue participation in the study at any time 
without giving a reason. 
 
Confidentiality will be protected throughout the duration of this study. Players will be provided with their 
individual results and encouraged to share their results with their coach for the purposes of performance 
improvement. All data will be stored at the ACU campus in Strathfield and destroyed in the appropriate 
time and manner as directed by the university policies.  
 
Any questions regarding this project should be directed to the Principal Investigator and the Student 
Researcher: 
 
 Names and Titles: Dr Tim Gabbett & Mr Dean McNamara .................................  
 Telephone number:   0402 696 496 ....................................................................  
 School:  Exercise Science (Brisbane and Strathfield) ...........................................  
 Campus Address:  25A Barker Rd, Strathfield, NSW & 1100 Nudgee Rd, Banyo, 

QLD  
 
This study has been granted approval by the Australian Catholic University ethics committee. 
 
In the event that you have any complaint or concern, or if you have any query that the Investigator (or 
Supervisor and Student Researcher) has not been able to satisfy, you may write to the Chair of the Human 
Research Ethics Committee care of the nearest branch of the Research Services Office. 
 

VIC: Chair, HREC 
C/- Research Services 
Australian Catholic University 
Melbourne Campus 
Locked Bag 4115 
FITZROY VIC 3065 
Tel: 03 9953 3158 
Fax: 03 9953 3315 
 

QLD: Chair, HREC 
C/- Research Services 
Australian Catholic University 
Brisbane Campus 
PO Box  456 
Virginia QLD 4014 
Tel: 07  3623 7429 
Fax: 07  3623 7328 
 

NSW and ACT: Chair, HREC 
C/- Research Services 
Australian Catholic University 
North Sydney Campus 
PO Box 968 
NORTH SYDNEY NSW 2059 
Tel: 02 9739 2105 
Fax: 02 9739 2870 
 
 

 
Any complaint or concern will be treated in confidence and fully investigated. You will be informed of the 
outcome. 
If you agree to participate in this project, you should sign both copies of the Consent Form, retain one 

copy for your records and return the other copy to the Principal Investigator (or Supervisor) or Student 

Researcher. 

 

 

 

Dr Tim Gabbett      Mr Dean McNamara 

Principal Investigator     Student Researcher 
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CONSENT FORM 

Copy for Participant to Keep 
 
TITLE OF PROJECT: Relationship between wearable microtechnology device variables and cricket fast bowling 

intensity 
 
PRINCIPAL INVESTIGATOR: Dr Tim Gabbett ...................................................................................................  
 
 STUDENT RESEARCHER: Mr Dean McNamara ...............................................................................................  

 
 
I ................................................... (the participant) have read (or, where appropriate, have had 
read to me) and understood the information provided in the Letter to Participants. Any questions 
I have asked have been answered to my satisfaction. 
 
I understand (please tick) 
☐  if I agree to participate in this project I will be contacted by the researchers 
☐ video analysis will be taken 
☐ data collection will include GPS monitors, timing measures. 
☐ data collected by Cricket NSW may be used in the publication of this research. 
 
I realise that I can withdraw my consent at any time without adverse consequences.  I agree that 
research data collected for the study may be published or may be provided to other researchers 
in a form that does not identify me in any way. I agree that results may be shared amongst 
coaches for player analysis purposes. 
  
 

 

NAME OF PARTICIPANT:    ...............................................................................................................................  
 

SIGNATURE .....................................................................                                                    DATE 

................................. 

 

SIGNATURE OF PRINCIPAL INVESTIGATOR .....................................................................................................  

DATE:……………………….. 

SIGNATURE OF STUDENT RESEARCHER: .........................................................................................................  

DATE:.......................……….  
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CONSENT FORM 

Copy for Researcher to Keep 
 
TITLE OF PROJECT: Relationship between wearable microtechnology device variables and cricket fast bowling 

intensity 
 
PRINCIPAL INVESTIGATOR: Dr Tim Gabbett ...................................................................................................  
 
 STUDENT RESEARCHER: Mr Dean McNamara ...............................................................................................  

 
 
I ................................................... (the participant) have read (or, where appropriate, have had 
read to me) and understood the information provided in the Letter to Participants. Any questions 
I have asked have been answered to my satisfaction. 
 
I understand (please tick) 
☐  if I agree to participate in this project I will be contacted by the researchers 
☐ video analysis will be taken 
☐ data collection will include GPS monitors, timing measures. 
☐ data collected by Cricket NSW may be used in the publication of this research. 
 
I realise that I can withdraw my consent at any time without adverse consequences.  I agree that 
research data collected for the study may be published or may be provided to other researchers 
in a form that does not identify me in any way. I agree that results may be shared amongst 
coaches for player analysis purposes. 
 

 

NAME OF PARTICIPANT:    ...............................................................................................................................  
 

SIGNATURE .....................................................................                                                    DATE 

................................. 

 

SIGNATURE OF PRINCIPAL INVESTIGATOR .....................................................................................................  

DATE:……………………….. 

SIGNATURE OF STUDENT RESEARCHER: .........................................................................................................  

DATE:.......................………. 
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Ethics Approvals 

Appendix D - Approval ID: Q2011 65 

Human Research Ethics Committee 

Committee Approval Form 

 

Principal Investigator/Supervisor: Timothy Gabbett                          

Co-Investigators:                                

Student Researcher: : Dean McNamara                           

 

Ethics approval has been granted for the following project:  

Profiling fatigue variables during preparation and competition of adolescent male national cricket 

championships (Profiling fatigue variables in adolescent cricketers)   

 

for the period: 30 September 2011 to 29 February 2012 

Human Research Ethics Committee (HREC) Register Number: Q2011 65 

Special Condition/s of Approval 

Prior to commencement of your research, the following permissions are required to be submitted to the 

ACU HREC: 

Cricket NSW (Received) 

 

The following standard conditions as stipulated in the National Statement on Ethical Conduct in 

Research Involving Humans (2007) apply: 

 

 (i) that Principal Investigators / Supervisors provide, on the form supplied by the Human 

Research Ethics Committee, annual reports on matters such as: 

 security of records 

 compliance with approved consent procedures and documentation 

 compliance with special conditions, and 
 

 (ii) that researchers report to the HREC immediately any matter that might affect the ethical 

acceptability of the protocol, such as: 

 proposed changes to the protocol 

 unforeseen circumstances or events 
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 adverse effects on participants
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The HREC will conduct an audit each year of all projects deemed to be of more than low risk.  There 

will also be random audits of a sample of projects considered to be of negligible risk and low risk on 

all campuses each year. 

 

Within one month of the conclusion of the project, researchers are required to complete a Final 

Report Form and submit it to the local Research Services Officer. 

 

If the project continues for more than one year, researchers are required to complete an Annual 

Progress Report Form and submit it to the local Research Services Officer within one month of the 

anniversary date of the ethics approval.                     

 Signed:  ........................ .......................... Date: .... 

30.09.2011..... 

  (Research Services Officer,  McAuley Campus) 

 

 

From: Kylie Pashley <Kylie.Pashley@acu.edu.au> 

Sent: Friday, 30 September 2011 2:27 PM 

To: Timothy James Gabbett; Dean McNamara 

Cc: Kylie Pashley 

Subject: Application approved  

  

Dear Tim and Dean, 

 

Q2011 65 

Profiling fatigue variables during preparation and competition of 

adolescent male national cricket championships (Profiling fatigue variables 

in adolescent cricketers) 

 

The Australian Catholic University Human Research Ethics Committee has 

reviewed the ethics application number Q2011 65 Profiling fatigue variables 

during preparation and competition of adolescent male national cricket 

championships (Profiling fatigue variables in adolescent cricketers) .  In 

all future correspondence with the Committee please quote the ACU reference 

number Q2011 65 .   

 

The Chair of the Expedited Review Panel has considered your application and 

any subsequent response to queries raised and has granted ethics approval.  

The approved period of data collection is 30/09/2011 to 29/02/2012. 

 

mailto:Kylie.Pashley@acu.edu.au
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Please note the following conditions of approval. 

 

1.         Any departure from the protocol detailed in your proposal must 

be reported immediately to the Committee. 

2.         When you propose a change to an approved protocol, which you 

consider to be minor, you are required to submit a modification form for 

approval to the Chairperson, through the appropriate Research Ethics 

Officer.   Where substantive changes to any approved protocols are 

proposed, you are required to submit a full, new proposal for consideration 

by the ACU HREC. 

3.         You are required to notify the Research Ethics Officer of any 

serious adverse events or complaints. 

4.         Under the NHMRC National Statement on Ethics Conduct in Research 

Involving Humans (http://www.nhmrc.gov.au/publications/synopses/e72syn.htm) 

research ethics committees are responsible for monitoring approved research 

to ensure continued compliance with ethical standards.  You are required to 

provide a written report on the progress of the approved project annually.  

The proforma report is available from 

http://www.acu.edu.au/about_acu/research/for_researchers/research_ethics/ 

and download 'Progress/Final/Extension Report Form for Research Projects'. 

5.         The Committee may choose to conduct an interim audit of your 

research. 

6.         The decision is subject to ratification at the next available 

committee meeting.  You will only be contacted again in relation to this 

matter if the Committee raises any additional questions or concerns in 

regard to the clearance. 

 

I have attached an electronic copy of the Approval Form. 

 

We wish you well in this research project. 

 

Kind regards, 

Kylie Pashley  

 

Ethics Officer | Research Services 

Office of the Deputy Vice Chancellor (Research) 

Australian Catholic University  

PO Box 456, Virginia, QLD, 4014  

T: 07 3623 7429  F: 07 3623 7328  

 

THIS IS AN AUTOMATICALLY GENERATED RESEARCHMASTER EMAIL 

 

  

http://www.nhmrc.gov.au/publications/synopses/e72syn.htm
http://www.acu.edu.au/about_acu/research/for_researchers/research_ethics/
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Appendix E - Approval ID: 2012 296Q 
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Subject: Ethics application approved 2012 296Q 
Date: 2012-12-11 10:12 
 From: Res Ethics <Res.Ethics@acu.edu.au> 
To: Tim Gabbett <Tim.Gabbett@acu.edu.au>, "Dean McNamara (dean@ssep.com.au)" 
<dean@ssep.com.au> 
Cc: Kylie Pashley <Kylie.Pashley@acu.edu.au> 
 
Dear Tim and Dean, 
 
Principal Investigator: Dr Timothy James Gabbett Student Researcher: Dean McNamara Ethics Register 
Number: 2012 296Q Project Title:  New methods for identifying fast bowling workloads Risk Level: 
Low Risk Date Approved: 11/12/2012 Ethics Clearance End Date: 30/06/2013 
 
This email is to advise that your application has been reviewed by the Australian Catholic University's 
Human Research Ethics Committee and confirmed as meeting the requirements of the National 
Statement on Ethical Conduct in Human Research. 
 
This project has been awarded ethical clearance until 30/06/2013.  In order to comply with the 
National Statment on Ethical Conduct in Human Research, progress reports are to be submitted on an 
annual basis.  If an extension of time is required researchers must submit a progress report. 
 
Whilst the data collection of your project has received ethical clearance, the decision and authority to 
commence may be dependent on factors beyond the remit of the ethics review process. For example, 
your research may need ethics clearance or permissions from other organisations to access staff. 
Therefore the proposed data collection should not commence until you have satisfied these 
requirements. 
 
If you require a formal approval certificate, please respond via reply email and one will be issued. 
 
Decisions related to low risk ethical review are subject to ratification at the next available Committee 
meeting. You will only be contacted again in relation to this matter if the Committee raises any 
additional questions or concerns. 
 
Researchers who fail to submit an appropriate progress report may have their ethical clearance 
revoked and/or the ethical clearances of other projects suspended.  When your project has been 
completed please complete and submit a progress/final report form and advise us by email at your 
earliest convenience.  The information researchers provide on the security of records, compliance with 
approval consent procedures and documentation and responses to special conditions is reported to 
the NHMRC on an annual basis.  In accordance with NHMRC the ACU HREC may undertake annual 
audits of any projects considered to be of more than low risk. 
 
It is the Principal Investigators / Supervisors responsibility to ensure 
that: 
1. All serious and unexpected adverse events should be reported to the  
HREC with 72 hours. 
2. Any changes to the protocol must be approved by the HREC by  
submitting a Modification Form prior to the research commencing or continuing. 
3. All research participants are to be provided with a Participant  
Information Letter and consent form, unless otherwise agreed by the Committee. 
 
For progress and/or final reports, please complete and submit a Progress / Final Report form: 

mailto:Res.Ethics@acu.edu.au
mailto:Tim.Gabbett@acu.edu.au
mailto:dean@ssep.com.au
mailto:dean@ssep.com.au
mailto:Kylie.Pashley@acu.edu.au
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http://www.acu.edu.au/about_acu/research/staff/research_ethics/ 
 
For modifications to your project, please complete and submit a Modification form: 
http://www.acu.edu.au/about_acu/research/staff/research_ethics/ 
 
Researchers must immediately report to HREC any matter that might affect the ethical acceptability 
of the protocol eg: changes to protocols or unforeseen circumstances or adverse effects on 
participants. 
 
Please do not hesitate to contact the office if you have any queries. 
 
Kind regards, 
Gabrielle Ryan 
 
Ethics Officer | Research Services 
Office of the Deputy Vice Chancellor (Research) Australian Catholic University 
 
THIS IS AN AUTOMATICALLY GENERATED RESEARCHMASTER EMAIL 
 

  

http://www.acu.edu.au/about_acu/research/staff/research_ethics/
http://www.acu.edu.au/about_acu/research/staff/research_ethics/
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Appendix F - Approval ID: 2013 154Q   
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From: Stefania Riccardi <Stefania.Riccardi@acu.edu.au> on behalf of Res Ethics 

<Res.Ethics@acu.edu.au> 

Sent: Monday, 19 August 2013 11:25 AM 

To: Tim Gabbett 

Cc: Dean McNamara 

Subject: Ethics application 2013 154Q approved!  

  

Dear Applicant, 

 

Principal Investigator: Dr Timothy Gabbett  

Student Researcher:  Dean McNamara  

Ethics Register Number: 2013 154Q   

Project Title:  Influence of Physical Qualities and Bowling History on Fatigue Resistance to Repeated Fast 

Bowling Efforts   

Risk Level: Low Risk 3   

Date Approved: 19/08/2013   

Ethics Clearance End Date: 31/12/2013 

 

This email is to advise that your application has been reviewed by the Australian Catholic University's Human 

Research Ethics Committee and confirmed as meeting the requirements of the National Statement on Ethical 

Conduct in Human Research.  

 

This project has been awarded ethical clearance until  31/12/2013  In order to comply with the National 

Statment on Ethical Conduct in Human Research, progress reports are to be submitted on an annual basis.  If 

an extension of time is required researchers must submit a progress report. 

 

Whilst the data collection of your project has received ethical clearance, the decision and authority to 

commence may be dependent on factors beyond the remit of the ethics review process. For example, your 

research may need ethics clearance or permissions from other organisations to access staff. Therefore the 

proposed data collection should not commence until you have satisfied these requirements. 

 

If you require a formal approval certificate, please respond via reply email and one will be issued. 

 

Decisions related to low risk ethical review are subject to ratification at the next available Committee meeting. 

You will only be contacted again in relation to this matter if the Committee raises any additional questions or 

concerns. 

 

Researchers who fail to submit an appropriate progress report may have their ethical clearance revoked 

and/or the ethical clearances of other projects suspended.  When your project has been completed please 

complete and submit a progress/final report form and advise us by email at your earliest convenience.  The 

information researchers provide on the security of records, compliance with approval consent procedures and 

documentation and responses to special conditions is reported to the NHMRC on an annual basis.  In 

accordance with NHMRC the ACU HREC may undertake annual audits of any projects considered to be of more 

than low risk. 

 

It is the Principal Investigators / Supervisors responsibility to ensure that: 

1.      All serious and unexpected adverse events should be reported to the HREC with 72 hours. 

2.      Any changes to the protocol must be approved by the HREC by submitting a Modification Form prior to 

the research commencing or continuing.  

3.      All research participants are to be provided with a Participant Information Letter and consent form, 

unless otherwise agreed by the Committee. 

mailto:Stefania.Riccardi@acu.edu.au
mailto:Res.Ethics@acu.edu.au
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For progress and/or final reports, please complete and submit a Progress / Final Report form: 

www.acu.edu.au/465013 

 

For modifications to your project, please complete and submit a Modification form: 

www.acu.edu.au/465013 

 

Researchers must immediately report to HREC any matter that might affect the ethical acceptability of the 

protocol eg: changes to protocols or unforeseen circumstances or adverse effects on participants. 

 

Please do not hesitate to contact the office if you have any queries. 

 

Kind regards, 

 Stefania Riccardi 

 

Ethics Officer | Research Services 

Office of the Deputy Vice Chancellor (Research) Australian Catholic University  

 

THIS IS AN AUTOMATICALLY GENERATED RESEARCHMASTER EMAIL 

http://www.acu.edu.au/465013
http://www.acu.edu.au/465013
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Appendix G - Strobe quality of assessment 

 

Authors 1. inclusion 

criteria were 

clearly stated; 

2. intervention 

was clearly 

defined; 

3. groups 

were 

tested for 

similarity 

at 

baseline; 

4. outcome 

variables 

were clearly 

defined; 

5. assessments 

were 

practically 

useful; 

6. duration of 

intervention 

practically 

useful; 

7. statistical 

analysis 

appropriate; 

8. point 

measures 

of 

variability. 

SCORE % 

Pyne et al. (2006)  2 2 2 2 1 2 2 2 15 94% 

Duffield et al. (2009)  2 2 2 2 1 2 2 2 15 94% 

Orchard et al. (2009)  2 2 1 2 2 2 2 0 13 81% 

Johnstone et al. (2010)  1 2 1 2 1 2 2 0 11 69% 

Orchard et al. (2010)  2 2 1 2 1 2 2 1 13 81% 

Orchard et al. (2010)  1 1 1 1 1 2 0 0 7 44% 

Petersen et al. (2010)  2 2 1 2 2 2 2 2 15 94% 

Petersen et al. (2011)  2 2 1 2 2 2 2 2 15 94% 

Petersen et al. (2011)  2 1 1 2 2 2 2 2 14 88% 

Lombard et al. (2012)  2 2 2 1 1 1 1 0 10 63% 

Phillips et al. (2012)  2 2 1 2 1 1 2 1 12 75% 

McNamara et al. (2013)  2 2 1 2 2 1 2 2 14 88% 

Ranson et al. (2013)  2 2 1 2 1 2 0 0 10 63% 

Hulin et al. (2014)  2 2 1 2 2 2 2 1 14 88% 

McNamara et al. (2015)  1 2 1 2 2 2 2 1 13 93% 

Orchard et al. (2015)  2 2 1 2 2 2 2 1 14 88% 

Orchard et al. (2015)  2 2 1 2 2 2 2 1 14 88% 
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Appendix H - Invited Speaker Presentations 

 

(i) 2nd ASPIRE SPORT SCIENCE CONFERENCE “Monitoring Athlete Training 

Loads – The Hows and Whys” 23rd to 25th February 2016. Doha, QATAR 

(ii) Cricket Australia Working Groups Conference. May 2016. Brisbane, AUSTRALIA 

(iii) Sydney Strength and Conditioning Working Group. November, 2015. Sydney, 

AUSTRALIA 

(iv) Cricket Australia Working Groups Conference. May, 2015. Brisbane, 

AUSTRALIA 
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2nd ASPIRE SPORT SCIENCE CONFERENCE “Monitoring Athlete Training Loads 

– The Hows and Whys” 23rd to 25th February 2016. Doha, QATAR 
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Cricket Australia Working Groups Conference. May 2016. Brisbane, AUSTRALIA 
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Sydney Strength and Conditioning Working Group. November, 2015. Sydney, 

AUSTRALIA 
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Cricket Australia Working Groups Conference. May, 2015. Brisbane, AUSTRALIA 
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