
 

 

PROFILING THE TEN-PIN 

BOWLING MOVEMENT AND ITS 

VARIABILITY IN 

DEVELOPMENTAL BOWLERS 

ENTERING BALL TRANSITION 

 

 

 

GOH WAN XIU 

 

 

 

NATIONAL INSTITUTE OF 

EDUCATION, 

NANYANG TECHNOLOGICAL 

UNIVERSITY 

2020

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



 

 

 

 

 

Profiling the Ten-pin Bowling Movement and its 

Variability in Developmental Bowlers Entering Ball 

Transition 

 

 

 

 

Goh Wan Xiu 

 

 

 

 

 

A thesis submitted to the 

National Institute of Education, 

Nanyang Technological University, 

in partial fulfilment of the requirement for the degree of 

Master of Science 

2020

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



Statement of Originality 

 

I hereby certify that the work embodied in this thesis is the result of original 

research and has not been submitted for a higher degree to any other University 

or Institution.  In addition, I declare that to the best of my knowledge, this thesis 

is free of plagiarism, and contains no material previously published or written 

by another person, except where due reference has been made in the text. 

 

 

 

 

 

. . . . . . . . . . . . . . . . .            . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Date              Input Name Here 

Goh Wan Xiu18012020

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



Supervisor Declaration Statement 

 

I have reviewed the content and presentation style of this thesis, and I declare 

that it is free of plagiarism and of sufficient grammatical clarity to be examined.  

To the best of my knowledge, the research and writing are those of the candidate 

except as acknowledged in the text and/or the Author Attribution Statement.  I 

confirm that the investigations were conducted in accord with the ethics policies 

and integrity standards of Nanyang Technological University and that the 

research data are presented honestly and without prejudice. 

 

 

 

 

 

    

. . . . . . . . . . . . . . . . .            . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Date                Input Supervisor Name Here 

 

A/P Chow Jia Yi18012020

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



Authorship Attribution Statement 

 

Please select one of the following; *delete as appropriate: 

 

*(A) This thesis does not contain any materials from papers published in peer-reviewed 

journals or from papers accepted at conferences in which I am listed as an author. 

 

*(B) This thesis contains material from [x number] paper(s) published in the following 

peer-reviewed journal(s) / from papers accepted at conferences in which I am listed as 

an author. 

 

Please amend the typical statements below to suit your circumstances if (B) is selected. 

 

 

 

 

. . . . . . . . . . . . . . . . .            . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Date                        Input Name Here 

Goh Wan Xiu18012020

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



PROFILING THE TEN-PIN BOWLING MOVEMENT 

i 

 

Acknowledgements 

When I embarked on this journey, never did I expect that it will only come to a close 

4.5 years later. Despite the long journey, it had been a most enriching albeit challenging 

experience. I have gained much, not just in knowledge but in many life skills. More 

importantly, my heart has grown fuller with gratitude as this journey would not have been 

possible without the following loved ones.  

Dr Chow Jia Yi, thank you for piquing my interest in motor control since 

undergraduate days. Your teaching all these years and inputs in the area of motor control 

have been truly insightful. Thank you for the guidance and patience, having to face multiple 

delays. I know you’re busy but you have always been prompt in your responses and I 

appreciate that. I still have loads to learn from you in the area of motor control and hope that 

this collaboration continues to develop.   

Dr Marcus Lee, thank you for always seeing opportunities and pushing me to 

accomplish things that I think I cannot. Thank you for taking time to chat and drive this 

project. Thank you for the guided discovery path from the very first that I was under your 

mentorship! Your leadership is truly inspirational.  

Thank you to the SSI Biomechanics Team for always being there and lending a hand. 

In the early days when I was rushing the confirmation report, thank you Ryan for always 

being the kindred spirit that lifts my spirits up when you saw me looking stressed. When 

preparing for the data collection, thank you Luqman for your guidance in teaching me the 

nuts and bolts of 3D motion capture. During the days of data collection, thank you Derrick 

and Desmond for I won’t be able to transport and set up the entire 3D system without your 

technical and logistical support. When I was processing the data, thank you Marcel and Nura 

for helping me to speed things up and lessen the burden and load through your amazing 

programming skills. To the whole team, I wouldn’t have been able to complete this journey 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



PROFILING THE TEN-PIN BOWLING MOVEMENT 

ii 

 

without any one of you so I am truly thankful and absolutely grateful that we are such an 

awesome team that builds each other up. I also lose count the number of times you all 

provided encouragement and support when the lab seemed to be my second home. Thank you 

all (:   

I would like to express my gratitude to Singapore Bowling and Singapore Sports 

School for their commitment in this project. I look forward to building a shared vision in 

bringing our bowlers to greater heights.  

Big thanks to Kelvin, Shermaine and Cheryl for sharing with me on your experience 

so far. It has provided great insight and support in more ways than you can imagine.  

Last but not least, I wish to thank my family and friends for their assistance, care, 

support and prayer in this journey. To my now-husband, then-boyfriend-fiancé, thank you for 

your encouragement, support and understanding especially during the tough times when there 

seemed to be no end. May this mark the start of fulfilling the greater promises in life (:   

 

 

  

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



PROFILING THE TEN-PIN BOWLING MOVEMENT 

iii 

 

Table of Contents 

Acknowledgements ..................................................................................................................... i 

List of Tables ........................................................................................................................... vii 

List of Figures ........................................................................................................................ viii 

List of Abbreviations ................................................................................................................ xi 

Summary ..................................................................................................................................... i 

1. Introduction ............................................................................................................................ 1 

1.1. Chapter Overview ........................................................................................................... 1 

1.2. Research Overview ......................................................................................................... 1 

1.3. Background ..................................................................................................................... 2 

1.3.1 Ten-pin Bowling ....................................................................................................... 2 

1.3.2. Approach to Profiling Movement ............................................................................ 3 

1.3.3 Theoretical Underpinnings ....................................................................................... 4 

1.3.4 Ball Weight as a Task Constraint.............................................................................. 5 

1.4. Aims and Hypotheses ..................................................................................................... 6 

1.5. Significance of the Study ................................................................................................ 7 

2. Review of Literature .............................................................................................................. 9 

2.1. Chapter Overview ........................................................................................................... 9 

2.2. Traditional Approach to Studying Movement ................................................................ 9 

2.2.1. Limitations of Current Biomechanical Research Designs ..................................... 10 

2.3. Movement Variability/Coordination Dynamics ........................................................... 11 

2.3.1 Bernstein’s Degree of Freedom Problem (DoF) ..................................................... 12 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



PROFILING THE TEN-PIN BOWLING MOVEMENT 

iv 

 

2.3.2 Cognitive Information Processing Approach.......................................................... 13 

2.3.3 Ecological Dynamics .............................................................................................. 13 

2.4. Biomechanics and Movement Coordination of Actions Similar to Ten-pin Bowling.. 17 

2.5. Ten-pin Bowling ........................................................................................................... 24 

2.5.1. Playing Field .......................................................................................................... 26 

2.5.2. Ball Trajectory ....................................................................................................... 28 

2.5.3. Techniques ............................................................................................................. 31 

2.5.4. Injuries ................................................................................................................... 33 

2.6. Change in Implement Weight ....................................................................................... 34 

2.7 Measuring Coordination and Variability ....................................................................... 37 

2.7.1. Cluster Analysis. .................................................................................................... 38 

2.8. Summary of Review of Literature ................................................................................ 40 

3. Methodology ........................................................................................................................ 51 

3.1. Chapter Overview ......................................................................................................... 51 

3.2. Research Design............................................................................................................ 51 

3.3. Participants .................................................................................................................... 53 

3.4 Equipment Set-up........................................................................................................... 54 

3.5 Task Set-up .................................................................................................................... 55 

3.6. Procedures ..................................................................................................................... 56 

3.7. Data Analysis ................................................................................................................ 58 

3.7.1 Performance Outcomes ........................................................................................... 58 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



PROFILING THE TEN-PIN BOWLING MOVEMENT 

v 

 

3.7.2 Movement Variables ............................................................................................... 59 

3.7.3 Cluster Analysis ...................................................................................................... 62 

4. Results .................................................................................................................................. 64 

4.1. Chapter Overview ......................................................................................................... 64 

4.2. Performance Outcomes ................................................................................................. 64 

4.3. Biomechanical Outcomes ............................................................................................. 65 

4.4. Cluster Analysis ............................................................................................................ 79 

5. Discussion ........................................................................................................................ 94 

5.1 Chapter Overview ..................................................................................................... 94 

5.2 Overview of Ten-Pin Bowling Movement ................................................................ 94 

5.3 Biomechanical Approach – Correlation to Performance Outcomes (First Aim) ...... 96 

5.3.1. Ball Release Speed. ................................................................................................ 96 

5.3.2 Score ..................................................................................................................... 100 

5.3.3 Summary of Biomechanical Approach – Correlation to Performance Outcomes 

(First Aim) ..................................................................................................................... 102 

5.4 Motor Control Approach – Cluster Analysis: Inter and Intra-Individual Movement 

Pattern Consistency (Second Aim) .................................................................................... 102 

5.4.1 Global (Inter-Individual) Analysis ................................................................... 103 

5.4.2 Intra-Individual Analysis ................................................................................. 104 

5.5 Ball Weight Effect – Integrated Approach (Third Aim) ......................................... 105 

5.5.1 Paired Samples t-test ............................................................................................. 106 

5.5.2 Cluster Analysis (Intra-Individual Analysis) ........................................................ 108 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



PROFILING THE TEN-PIN BOWLING MOVEMENT 

vi 

 

5.5.3 Summary of Ball Weight Effect – Integrated Approach (Third Aim) .................. 110 

5.6 Summary ................................................................................................................. 111 

6. Conclusion ..................................................................................................................... 113 

6.1 Summary of Thesis.................................................................................................. 113 

6.2 Limitations .............................................................................................................. 115 

6.3 Recommendations for Future Research .................................................................. 115 

References .............................................................................................................................. 118 

Appendix A: IRB Approval ................................................................................................... 133 

Appendix B: Participant Information Sheet ........................................................................... 135 

Appendix C: Consent Form ................................................................................................... 137 

Appendix D: Background Form............................................................................................. 138 

Appendix E: C.A.T.S System Output .................................................................................... 139 

Appendix F: Participants’ Responses .................................................................................... 140 

 

  

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



PROFILING THE TEN-PIN BOWLING MOVEMENT 

vii 

 

List of Tables 

Table 2.1. Summary of Studies Investigating the Bowling Motion. 42 

Table 3.1. Inclusion and Exclusion Criteria for the Research Study. 53 

Table 3.2. Participants’ Demographics. 54 

Table 3.3. Kinematic Variables at Selected Joints. 61 

Table 3.4. List of all variables. 62 

Table 3.5. Seven normalised time-continuous variables used in cluster analysis. 63 

Table 4.1. Correlations between performance outcomes. 64 

Table 4.2. Onset of Events. 67 

Table 4.3. Phase Duration. 67 

Table 4.4. Step Lengths. 68 

Table 4.5. Ball Heights. 68 

Table 4.6. Overview of Joint Kinematics at Start, Bottom, Top of Swing and at Ball 

Release. 

69 

Table 4.7. Correlation Results. 71 

Table 4.8. Paired Samples t-test Results. 72 

Table 4.9. Breakdown of Individual Cluster Analysis Results. 81 

  

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



PROFILING THE TEN-PIN BOWLING MOVEMENT 

viii 

 

List of Figures 

Figure 1.1. Bowlers at the World Bowling Championships 2015-2016. 4 

Figure 2.1. Newell’s Constraints Led Model. 16 

Figure 2.2. Kinetic chain in golf, expressed by peak rotation speed of the segments 

involved in relation to timing of movement. 

20 

Figure 2.3. Comparison of body segment and club motions between golfers of 

different skill levels. 

21 

Figure 2.4. X-factor in golf. 22 

Figure 2.5. (a) The foot angle and (b) the plant angle at front foot impact. 23 

Figure 2.6. The pin-triangle. 25 

Figure 2.7. Ten-pin bowling in a constraints led approach. 25 

Figure 2.8. Bowling lane. 26 

Figure 2.9. Locator dots and arrows on the bowling lane. 26 

Figure 2.10. Range finders on the bowling lane. 26 

Figure 2.11. Approach. 27 

Figure 2.12. Oiling patterns. 28 

Figure 2.13. Ball phases on the lane. 29 

Figure 2.14. Left: side axis rotation. Right: forward rotation. 30 

Figure 2.15. 5-step approach 32 

Figure 2.16. Singapore national bowling team injury distribution in 2016. 33 

Figure 2.17. Mean data values of I (length of implement), M (mass), IHE (moment of 

inertia), VTIP (velocity), tswing (duration of swing), aTIP (acceleration), 

vo’ (velocity of impacted object) for 9 sports. 

36 

Figure 2.18. Example of a dendogram where the clusters are represented by the 

numbers. 

39 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



PROFILING THE TEN-PIN BOWLING MOVEMENT 

ix 

 

Figure 3.1. Camera placement set-up on the bowling lanes. 55 

Figure 3.2. Testing procedure. 56 

Figure 3.3. UWA Full Body Marker Set Placement. 58 

Figure 3.4. Events and phases breakdown of a bowling trial.   60 

Figure 4.1. Overview of the Time-Continuous Joint Angle Kinematics. 73 

Figure 4.2. Grouped Cluster Analysis Results. 79 

Figure 4.3. Major Clusters A and B Performance Outcomes. 80 

Figure 4.4. 7 Kinematic Variables across the Bowling Movement of Major Clusters 

A (n=68) and B (n=78) 

80 

Figure 4.5. Number of Clusters and Trials in each Cluster for each Participant. 82 

Figure 4.6. Individual Percentage Distribution of NB and HB Trials. 83 

Figure 4.7. P1: Cluster comparison of 7 kinematic variables across the bowling 

movement 

86 

Figure 4.8. P2: Cluster comparison of 7 kinematic variables across the bowling 

movement 

87 

Figure 4.9. P3: Cluster comparison of 7 kinematic variables across the bowling 

movement 

88 

Figure 4.10. P4: Cluster comparison of 7 kinematic variables across the bowling 

movement 

89 

Figure 4.11. P5: Cluster comparison of 7 kinematic variables across the bowling 

movement 

90 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



PROFILING THE TEN-PIN BOWLING MOVEMENT 

x 

 

Figure 4.12. P6: Cluster comparison of 7 kinematic variables across the bowling 

movement 

91 

Figure 4.13. P7: Cluster comparison of 7 kinematic variables across the bowling 

movement 

92 

Figure 4.14. P8: Cluster comparison of 7 kinematic variables across the bowling 

movement 

93 

 

  

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



PROFILING THE TEN-PIN BOWLING MOVEMENT 

xi 

 

List of Abbreviations 

ANOVA – analysis of variance 

DoF – degrees of freedom 

CV – coefficient of variation 

HB – heavy ball 

NB – normal ball 

MV – movement variability 

FFS – front foot slide 

P(1-8) – participant  

C(1-4) – cluster  

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



PROFILING THE TEN-PIN BOWLING MOVEMENT 

i 

 

Summary 

Profiling a sporting movement often involves the use of time-discrete parameters to 

determine relation to performance outcome, expertise and/or injury risk in the classical 

biomechanical approach. It is also increasingly evident that movement coordination results 

from a dynamic relationship between the individual, task and environment, based on the 

ecological dynamics framework. This means time-continuous parameters are also important 

information sources to better understand and profile a sporting movement.  

Ten-pin bowling is a self-paced abstract target sport that involves swinging <16pound 

ball in a 4-5 step approach. Every developmental bowler goes through a transition to a 

heavier ball. However, little is known about the sport, especially in the transition when the 

weight of the ball is manipulated (i.e. change in task constraints). Moreover, every bowl 

changes the environment as the lane oiling pattern shifts. Therefore, this study aimed to (i) 

profile the ten-pin bowling movement from the biomechanical approach by identifying the 

relevant time-discrete variables that correlate to performance outcomes, (ii) profile the 

movement from the motor control approach by investigating the movement pattern 

consistency of every participant through time-continuous angular joint kinematics, and (iii) 

investigate the differences in performance outcomes and movement execution with two 

approaches when the ball weight increased as a change in task constraint.  

Eight pre-transited bowlers bowled 10 trials each in two ball weight conditions: 

normal and heavy. Full body joint kinematics were recorded and processed via a 3D motion 

capture system. Scores were recorded per shot and bowlers answered a questionnaire 

regarding bowling with the heavier ball. The movement was divided into three phases: 

downswing, backswing and forwardswing, defined by events based on the ball swing: start, 

bottom and top of swing, and ball release. Correlation analysis was run on all time-discrete 

kinematics variables in relation to performance outcomes: score and ball release speed, 

separately for each ball weight to achieve the first aim. Cluster analysis was performed 
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globally on all trials and intra-individually on seven time-continuous upper body kinematic 

variables to achieve the second and third aims. Paired sample t-test on performance outcomes 

and time-discrete variables was conducted to achieve the third aim. 

Correlation results showed that (i) there was no correlation between ball release speed 

and score (p > 0.05) , (ii) ball release speed and score were correlated to different variables 

whereby (iii) ball release speed was correlated to postures that reflect better stability and 

balance in the upper body especially from forwardswing phase for both ball weights, while 

(iv) score was correlated with upper limb joints angular positions that could have controlled 

the ball path especially at ball release. The cluster analysis derived eight clusters defined by 

each participant which reflected the inter-individuality of ten-pin bowling movement. Even 

within each individual, there were two – three clusters not differentiated by performance 

outcomes, which suggest potential multiple solutions to the same movement goals. The 

paired t-test results showed (i) no performance outcome differences between the two ball 

weights (p > 0.05) but (ii) nine, mostly lower limb variables that differed between the two. 

The intra-individual cluster analysis showed (i) timing and ranges of motion differences that 

(ii) occurred mostly in the downswing and backswing phases but these changes (iii) differed 

from one individual to another based on the action-capabilities of the individual.  

Findings from this study clearly exemplify the relevance of an integrated approach in 

profiling a self-paced abstract target sport. A better understanding of the postures that 

correlated with ball release speed and score, as well as the time-discrete and time-continuous 

variables that distinguished the two ball weights were found. More importantly, ten-pin 

bowling is a sport where individual variations were observed. Hence, future research could 

adopt methods with a more intra-individual approach to examine the relationships to 

performance and injury risks. In this way, a more evidence-based approach to coach ten-pin 

bowling can be formed. 
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1. Introduction 

1.1. Chapter Overview 

The first chapter will begin by providing an overview of the sport of ten-pin bowling 

and why profiling and investigating the effect of ball weight increment on the bowling 

technique requires more than the usual biomechanical analysis. The underlying concepts are 

next presented to provide background information before the aims and hypotheses are 

presented followed by the significance of the study.  

1.2. Research Overview 

Novel movement techniques are often investigated first from a biomechanical 

approach, which may arguably be more descriptive than analytical and outcome than process 

focused (Glazier, Davids, & Bartlett, 2003; Glazier & Wheat, 2014). While determining key 

biomechanical factors to performance and injury is essential, it is increasingly recognised that 

expert performance is a result of interacting constraints of the individual, task and 

environment (Seifert, Button, & Davids, 2013). Ten-pin bowling is a unique abstract-target 

sport that requires bowlers to deliver a 10-16 pound ball in a five-step approach for the ball to 

travel down an oiled lane to knock down 10 pins. The task (number of pins), environment 

(lane oiling pattern) and individual (technical ability) constraints can differ from one bowl to 

the next. The emergent bowling movement can then vary too, contrary to the belief that target 

sports often require movement consistency. Current practice suggests a transition to a heavier 

ball for increased velocity and revolution in order to advance to the highest competitive level 

in bowling. Locally, this transition happens mostly to the developmental bowlers (13-18 

years old). However, the transition is not done systematically but based on the coaches’ 

judgement. Increase in injuries rate has been observed both anecdotally and on record. As 

minimal research was done on ten-pin bowling, an understanding of the coordinative 

movement pattern needs to be established first through an integrated approach of 
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biomechanics and motor control, which were previously done in cricket fast bowling (Glazier 

& Wheat, 2014), swimming (Guignard, Rouard, Chollet, Ayad, Bonifazi, Vedova, & Seifert, 

2017; Seifert, Chollet, & Rouard, 2007;, and basketball free-throw (Buttons, MacLeod, & 

Sanders, 2003). In doing so, coaching practices can be better informed through a proper 

progression plan (Farrow & Robertson, 2016) and consequently, prevent injuries and improve 

performance (Glazier & Wheat, 2014).        

1.3. Background 

1.3.1 Ten-pin Bowling 

The game of ten-pin bowling is generally considered to be a technical sport with low 

injury risk compared with other sports. Professional ten-pin bowlers are able to read the lanes 

and execute bowls that can lead to 12 consecutive strikes for a full 300 point game. Despite 

its popularity and vibrant competition calendar that includes world tours, championships and 

many regional events (World Bowling, 2017), it is not an Olympic sport nor does it garner as 

much attention as cricket or golf. Regardless, Singapore has 4 female bowlers that are 

currently ranked top 10 in the world; few other sports in Singapore can share that accolade. 

The current training and coaching programme may thus have the potential to develop future 

world-class bowlers.  

However in recent times, the coaches have observed an increase in injuries rate among 

the developmental bowlers usually during or after the transition to a heavier ball. Ten-pin 

bowling is unfortunately not researched extensively; and existing ones while useful are not as 

rigorous (refer to Table 2.1 for a list of bowling related research). In order to build and 

sustain a strong talent pipeline, there is an impetus to make evidence-based decisions to 

ensure a sound programme that can produce world-class sustainable athletes. Past research 

has mostly broken down the bowling movement, thus profiling the bowling movement as a 
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whole is a crucial first step. Past research into sports that resemble the bowling movement; 

cricket and golf, will be drawn upon as a basis of analysis. 

1.3.2. Approach to Profiling Movement 

A large part of sports science research is to find out what in the movement or 

techniques contribute to expert performance. Often the approach is to identify relationships 

between technical characteristics and performance outcomes between the higher-level and 

lower-level athletes (Glazier, Reid, & Ball, 2015; Seifert, Button, & Davids, 2013). This has 

certainly shed light on time-discrete kinematic or kinetic variables that can lead to good 

performance. For example, the range and maximum height of a projectile in motion are 

affected by the release velocity, height and angle. Many studies were done to determine the 

optimal free throw release angle, which range from 52-55° (Hamilton & Reinschmidt, 1997). 

However, these time-discrete variables present isolated components of the technique. 

Knowing that 52° is optimal does not inform the performer on how to coordinate the body to 

achieve the 52° release angle.  

Studying how movement is coordinated by combining multiple time-continuous data 

can provide more information on movement quality through categorising types, modes and 

individual styles of movement (Schöllhorn, Chow, Glazier, & Button, 2014). Even in ten-pin 

bowling which is generally a target sport where consistency is valued (USBC, 2005), the 

photos below (Figure 1) clearly shows that expert bowlers have varied techniques at the same 

phase of the movement. Therefore, by investigating movement patterns on the basis of time-

continuous variables can help address more questions of inter- and intra-individual 

differences and give a more holistic profile of ten-pin bowling.  
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Figure 1.1. The varied techniques of top bowlers at the World Bowling Championships 2015-

2016 (World Bowling Facebook Page). 

1.3.3 Theoretical Underpinnings  

To analyse movement biomechanically, the underlying control of movement should 

preferably be understood first (Bartlett, 1999). Every joint on the body affords a number of 

degrees of freedom (Bernstein, 1967), giving rise to endless movement possibilities. Two 

schools of thoughts have risen to make sense of how these possibilities are controlled.  

The first is the cognitive information processing perspective whereby our movements 

are pre-programmed by a generalised motor programme that commands which muscles to 

act, in what order, with what force and for how long (Schmidt, 1975; Bartlett, 1999). This led 

to the idea of ‘ideal’ techniques that are consistently performed and that deviation or variation 

are bad (Schmidt, 1975). As such, cross-sectional and correlation research designs that 
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investigated the relative timing and magnitude of time-discrete kinematic variables (Wheat & 

Glazier, 2006) are common to find aspects of the ideal technique.  

The second is the Ecological Dynamics framework that takes into account the 

interacting constraints on each individual, the ongoing coupling of an athlete with the 

performance environment and the functional role of movement variability between and 

within individuals (Davids, Glazier, Araújo, & Bartlett, 2003). Rather than one single optimal 

coordination pattern, there are several solutions to each motor problem, reflected by intra- 

and inter-individual variability (Brétigny, Leroy, Button, Chollet, & Seifert, 2011; Newell & 

Corcos, 1993). Intra-individual variability results from the exploration of different possible 

motor solutions in relation to the constraints encountered. Inter-individual variability is a 

consequence of different patterns of coordination adopted by each individual. Both forms of 

variability can be investigated, usually through time-continuous variables to determine 

coordination profiles via cluster analysis (Brétigny et al., 2011; Komar et al., 2015). Cluster 

analysis recognises patterns or similarities within a dataset and groups them into clusters in a 

stepwise manner (Rein, Button, Davids, 2010). It does not require a priori assumptions about 

the structure of the data-set to identify similar patterns (Rein et al., 2010), a significant 

advantage in this case as ten-pin bowling is not a sport that has been researched. Hence, it is 

possible to determine whether all trials of one person are in the same cluster, suggesting low 

intra-individual variability. Likewise, if trials of different people are allocated to the same 

cluster, it indicates low levels of inter-individual variability. Cluster analysis has also been 

used in soccer chipping task (Chow, Davids, Button, & Rein, 2008), and for the javelin throw 

(Schöllhorn & Bauer, 1998).  

1.3.4 Ball Weight as a Task Constraint 

The transition to a heavier ball in ten-pin bowling is not a well-documented practice, 

even in coaching manuals. The physique of the national bowlers varies but all national squad 
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bowlers are currently bowling 15 pound balls, having transited from 10-12 pound balls. 

While there are no statistics, world-class bowlers are also mostly using 15-16 pound balls i.e. 

the heaviest possible. The practice of using the heaviest balls is apparent and local coaches 

are recommending this transition based on a few reasons. Firstly, heavier balls have greater 

hitting and driving power, leading to more pin action. Secondly, the added weight slows the 

swing down which supposedly helps bowlers to control the swing better to ensure optimal 

release parameters.  

These assumptions are clearly not substantiated by any quantitative analysis thus far. 

Regardless, it is a practice that will not go away. Based on the constraint led approach, a 

heavier ball changes the task constraint, which may likely interact with individual and 

environmental constraints to ilicit certain changes in movement outcome. Currently, the rate 

of injury is increasing for the developmental bowlers. The reasons are unclear. Even though 

these bowlers may be more superior in skills compared to their peers, it does not preclude 

them from requiring support to refine or remediate an existing skill (Farrow & Robertson, 

2015) as the ball is a major task constraint in the sport. Through the methods mentioned in 

the above sections, by including a heavier ball weight condition, quantitative data may be 

derived and determine if a change in ball weight produces a different coordination profile. 

Subsequently, suggestions to perhaps improve the transition phase through manipulation of 

task (staggered weight progression) or individual (strength and conditioning) constraints.     

1.4. Aims and Hypotheses 

The first aim was to profile the ten-pin bowling movement of developmental bowlers 

by identifying the relevant time-discrete variables that correlate to performance outcomes. It 

was hypothesized that score outcome and ball speed would correlate well with some spatio-

temporal and angular joint kinematic variables. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



PROFILING THE TEN-PIN BOWLING MOVEMENT

  

7 

 

The second aim was to profile the ten-pin bowling movement of developmental 

bowlers by investigating the movement pattern consistency of every participant through time-

continuous angular joint kinematics; as while the sport of ten-pin bowling may be a target-

based sport, the constraints may change after every bowl. It was hypothesized that cluster 

analysis could identify groupings that would indicate less intra-individual variability but 

more inter-individual variability.  

The third aim was to investigate when ball weight increased as a change in task 

constraint, whether differences in performance outcomes and movement execution occurred. 

It was hypothesized that ball release speed and score would be less when bowling with the 

HB than NB. Also, time-discrete and time-continuous kinematic variables pertinent to the 

throwing motion would differentiate the two ball weight conditions through paired t-test and 

cluster analysis respectively, and these variables could be similar across the two approaches.   

1.5. Significance of the Study 

As a sport that has not been thoroughly analysed, this study forms the first step to 

understand the sport by analysing the bowling movement in an integrated manner. The 

biomechanical approach may depict the core strategy that governs the movement regardless 

of the variations that emerge across repetitions (Preatoni, Hamill, Harrison, Hayes, Van 

Emmerik, Wilson, & Rodano, 2013). Ten-pin bowling is an abstract-target sport where 

constraints are not constant thus the motor control approach to investigate movement patterns 

in both intra- and inter-individuals can capture information that would otherwise be hidden, 

and determine if these variances are functional.  

Moreover, the developmental bowlers undergo a transition to a heavier 15-pound ball 

from 10-12 pounds. The ball is the main implement in the sport, hence constitutes as a major 

task constraint. As each weight increment is about 450g (1 pound), it can be a significant 

change in task constraint. Together with the interaction of individual (strength, anxiety) and 
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environmental (oiling) constraints, it would be meaningful to find out if movement changes 

happen as a result both individually and as a group. This will go towards crafting a proper 

training progression as there is anecdotal observation that the developmental bowlers are 

experiencing more injuries during this transition that has so far been done based on coaches’ 

experience rather than evidence-based practice.   

The integrated approach affords the opportunity to analyse the ten-pin bowling 

movement to enhance performance and also prevent injury as individuals and as a group all at 

the same time. Recommendations to coaches and athletes are evidence-based which can 

supplement the current experimental approach. Depending on the outcome as well, especially 

if different movement coordination is found between the two ball weights, future studies can 

be crafted to determine a suitable approach that will allow the transition to be least injurious 

but maximise the learning opportunities afforded to the bowlers.  
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2. Review of Literature 

2.1. Chapter Overview 

This chapter first explains the past and current approaches to studying movement in 

sports so as to understand the rationale for choosing an integrated biomechanical and motor 

control approach to profiling the bowling movement. Thereafter, a literature review on 

current motor control theories and its application in sports is presented. After establishment 

of the theories, the current literature on bowling is explained using the motor control 

concepts. As such, the gaps are highlighted and the link to equipment scaling, training 

progression (informed coaching practices) can be drawn to see the research’s implication in 

injury prevention and also performance enhancement.   

2.2. Traditional Approach to Studying Movement 

Biomechanical analysis is typically used to first understand a sport technique; through 

kinematic, kinetic and electromyography measures (Brétigny et al., 2011; Chu, Sell, & 

Lephart, 2010; Guignard, Rouard, Chollet, Hart, Davids, & Seifert, 2017). Cross-sectional, 

group-based research designs are often used to elicit generalizable statements to the wider 

population (Glazier & Wheat, 2014), via the correlation and contrast approaches (Hay, 

Vaughan, & Woodworth, 1981). The former adopts relationship statistics methods 

(regression, correlation etc.) to examine associations between performance criterions (speed, 

distance etc.) and the biomechanical measures (joint ranges, velocities, phase durations etc.). 

The latter adopts mean difference statistics methods (t-test, analysis of variance etc.) to 

compare means of biomechanical measures in different groups (elite versus novice, injured vs 

non-injured, intervention vs no intervention etc.). Through these designs, relationships 

between biomechanical parameters and performance outcomes within groups of individuals 

who are relatively homogenous in expertise or experience can be identified (Glazier et al., 

2015). For example, to determine relationship between biomechanical variables and driving 
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performance during the golf swing, Chu et al (2010) ran regression models at four selected 

events in the swing using swing kinematic and ground reaction force data from 308 golfers. 

They found five performance parameters such as upper torso-pelvis separation, weight-

shifting to be significantly related to ball velocity; which are useful information to guide skill 

and strength training (Chu et al., 2010). In another example, Middleton, Mills, Elliott, and 

Alderson (2016) compared the lower limb biomechanics between cricket fast bowlers from 

two skill groups and the associations to ball release speed. While no differences were found 

in lower limb biomechanics between the two groups, correlations between front knee 

kinematics and kinetics with ball release speed suggests that hip and knee extensor muscles 

of the front leg were important to developing ball release speed, thus recommendations to 

improve lower limb strength programmes were made (Middleton et al., 2016). These are just 

two of many biomechanical research that used group-based analyses to increase 

understanding of various sport techniques and provide coaches and sports practitioners with 

sound training guidelines to enhance performance and reduce injuries (Preatoni et al., 2013). 

2.2.1. Limitations of Current Biomechanical Research Designs 

Yet interestingly, authors from both studies highlighted inherent limitations to the 

methods used. Firstly, variables were measured at specific events in a discrete manner. 

Corresponding time information of the movement is not taken into consideration and thus 

fails to capture the dynamic nature of the movement (Glazier et al., 2003), such as the relative 

inter-segmental interactions and coupling relationships (Glazier & Wheat, 2014). Coaches 

rely more on these time-relative instead of absolute motion information to make qualitative 

judgements hence the inclusion of time-continuous variables can be beneficial (Knudson, 

2013). Secondly, the use of cross-sectional and group-based designs tends to pool 

performance parameters together, which may mask individual differences and variability 

across trials (Glazier et al., 2015). The purpose of most biomechanical research is to 
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determine the ‘perfect’ technique especially in target related tasks such as golf (Langdown, 

Bridge, & Li, 2012), cricket fast bowl (Glazier & Wheat, 2014) and free-throws (Tran & 

Silverberg, 2008). As such, achieving consistency in techniques is deemed positive while any 

variability in movement patterns is usually considered as undesirable or ‘noise’ (Bartlett et 

al., 2007; Davids et al., 2003;). However the argument that variability can play a functional 

role and is an intrinsic aspect of skilled motor performance has grown stronger in recent time 

(Davids, Araújo, Seifert, & Orth, 2015; Glazier et al., 2015; Komar et al., 2015; Preatoni et 

al., 2013). This is in light of the growing understanding that human movement is a 

consequence of interacting variables (Davids et al., 2003), grounded on the motor control 

theory of dynamical systems. 

Regardless, the assessment of discrete measures has allowed increased understanding 

of the characteristics of a particular motor task and to outline differences between different 

populations. It has also been used for performance evaluation (Vamos & Dowling, 1993; 

Bartlett, 2005) or enhancement and injury prevention (Nigg & Bobbert, 1990; Granata, 

Marras, & Davis, 1999; James, Dufek, & Bates, 2000).  

2.3. Movement Variability/Coordination Dynamics  

Variability is an intrinsic feature of all biological systems and can be observed easily 

in motor performance (Komar et al., 2015; Preatoni et al., 2013). According to Newell and 

Slifkin (1998), variability is defined as “the variance of movements generated by an 

individual under the same task conditions”. Reproduction of identical motor patterns for the 

same repeated action is not possible even for elite athletes (Bartlett et al., 2007). The inherent 

presence of motor variability (MV) arises from the abundance of motor system degrees of 

freedom present in the human body (Bernstein, 1967; Davids et al., 2003), and happens 

between and within individuals throughout multiple levels of movement organisation 

(Newell, Deutsch, Sosnoff, & Mayer-Kress, 2006). Bernstein (1967) coined this phenomenon 
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as “repetition without repetition” whereby he argued that movements are inherently variable 

and complex by nature and consequently no two movements will ever be the same. 

Interpretation of MV is debatable, depending on the framework chosen. Traditional 

information processing perspective regards MV as noise and error, while more contemporary 

ecological dynamics theory argues that MV is functional and a sign of adaptability (Davids et 

al, 2003; Komar et al., 2015). Why there are two divergent views stems back to the approach 

used to understand how humans coordinate their numerous degrees of freedom or movement 

possibilities into a controllable unit (Bernstein, 1967).   

2.3.1 Bernstein’s Degree of Freedom Problem (DoF)  

Humans are intricately made up of joints, muscles and cells. Each joint has certain 

allowable movements (i.e., flexion, extension, rotation) that are powered by the muscles 

spanning the points. While the anatomical functions are clear, the control and organisation of 

movements were less understood (Li, 2013). Bernstein’s conceptualisation of DoF formed the 

foundations of substantial theorising and experimentation in understanding movement 

coordination (Davids et al., 2003; Magill, 2011).  

DoF is defined as the number of independent elements or components in a control 

system and the number of ways each component can act (Magill, 2011; Newell & 

Vaillancourt, 2001). The human arm consists of the shoulder, elbow and hand. A total of 

seven DoF exists in the arm, where there are three at the shoulder (i.e. abduct/adduct, 

flex/extend and rotate), two at the elbow (i.e. flex/extend, pronate/supinate) and two at the 

wrist (i.e. flex/extend, rotate) (Davids et al., 2003). Additionally, twenty-six muscles move 

the three joints leading to an infinite number of contraction patterns for the same arm 

trajectory (Van Der Berg, 2000). Movement possibilities are obviously plenty, yet in many 

simple tasks only a minimum number is required. As such, Bernstein (1967) proposed that 

coordination is the mastering of the numerous redundant DoF that joints offer into a 
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controllable unit. The next two sections will highlight the different theoretical perspectives to 

the coordination of DoF. 

2.3.2 Cognitive Information Processing Approach 

Motor program based theory attempted to explain the coordination of DoF by 

suggesting a memory based construct: Generalised Motor Programme (Keele, 1968; Schmidt, 

1975). The generalised motor programme (GMP) originates from the central nervous system 

(CNS) and is a memory representation of a class of actions (i.e. 

throwing/kicking/jumping/walking) that share common invariant characteristics (Schmidt, 

1988). These GMPs are stored inside the CNS, whereby the Schmidt’s Schema Theory 

(1988) provides the rules or parameters that identify the GMP that allows a person to produce 

a specific action to meet demands of the performance context (Magill, 2011). A schema is a 

knowledge system, hence is inferred from past experience and modified upon new experience 

(Van Rossum, 1990). This stems from the cognitive information processing approach and has 

influenced the study of sports expertise (Seifert et al., 2013). Experts are considered as 

individuals who had at least 10000 hours of deliberate high-level practice (Ericsson, Krampe, 

& Tesch-Roemer, 1993). The goal was to increase declarative and procedural knowledge of 

the task through the volume, intensity and repetitiveness of practice, so that GMPs can be 

internalised to execute movements of little error or deviation (Seifert et al., 2013). Skilled 

performance is thus viewed as invariant, repetitive and consistent (Bartlett et al., 2007; Seifert 

et al., 2013). Therefore in relation to this approach, MV is perceived as a negative by-product 

of random noise in the central nervous system that should be reduced or removed (Davids et 

al, 2003; Glazier, 2011; Komar et al., 2015). 

2.3.3 Ecological Dynamics  

In contrast, the more contemporary multidimensional ecological dynamics framework 

that includes contributions from the theory of constraints on dynamical systems (Davids et al, 
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2003; Glazier et al., 2003), complex systems (Komar et al., 2015) and ecological psychology 

(Seifert et al., 2013), sees coordination and control in human behaviour in a different light 

(Guignard et al., 2017). This approach uses the concepts and tools of dynamical systems to 

understand phenomena that occur at an ecological scale, which emphasises on the 

relationship between the performer and the environment (Seifert et al., 2013).  

The dynamical systems theory views the human as a complex system of highly 

intricate network of co-dependent sub-systems that are composed of a large number of 

interacting components (Glazier et al., 2013). Conceptually similar to complex system theory, 

these sub-systems or elements interact dynamically, organised around a goal (Komar et al., 

2015). In order to understand complex systems, past literature had delved into self-

organisation, emergence, sensitivity to initial conditions and nonlinearity; characteristics of 

complex systems. Self-organisation happens as ‘open’ thermodynamic systems such as 

humans, are engaged in constant energy transactions with the environment, where different 

organisational states or movement emerge due to internal and external constraints pressuring 

system components into change (Davids et al., 2013; Kugler & Turvey, 1987). The study of 

coordination dynamics by Kelso (1995) reflects this spontaneous pattern emergence, 

especially when learning a new skill. The individual-environment system is thus a crucial 

element and is deemed as the smallest relevant unit of analysis for understanding 

coordination and control in human behaviour (Guignard et al., 2017; Seifert et al., 2013).      

Ecological psychology is based on Gibson’s theory of direct perception, whereby 

behaviour is regulated by information that arises from an individual-environment complex to 

continuously guide and shape the athlete’s actions (Gibson, 1979). Through experience and 

practice, the individual and the performance environment become more tightly integrated as a 

self-organising and dynamical system coupled by information. According to the theory of 

direct perception, perception is an active process (Gibson, 1979). Both individual–
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environment and perception–action reciprocities are reflected by the notion of affordances 

(Guignard et al., 2017). Affordances are invitations or opportunities for action relative to an 

individual’s own action capabilities and a specific performance environment (Withagen & 

Chemero, 2009). The same object, task, event or surface can selectively invite different 

behaviours of the same performer over time, and different behaviours from different 

individuals (Warren, 2006).  

Together, the ecological dynamics framework provides insights into skill acquisition, 

performance and coaching especially through Newell’s constraints led approach (Chow, 

Davids, Button, & Renshaw, 2016). According to Newell (1985), movement coordination 

emerges from the body’s self-organisation in an optimal response to the task at hand and is 

constrained by three interacting areas of organism, task and environment (Figure 2.1). As a 

function of experience and learning, there is a suggested progression in the reduction and 

increase of DoF involvement (Chow et al., 2016) based on Newell’s three stages of learning. 

In the early stage, movement is rigid due to freezing of DoF. With more practice, movement 

gets smoother as these DoFs are released to explore different movement options. The last 

stage represents effortless movement as performers are able to exploit the DoFs to achieve 

goal-directed movement. While these are supported by numerous studies, more recent studies 

provided alternative views that DoF reorganisation is also dependent on surrounding 

constraints (Chow et al., 2016; Lee, Chow, Komar, Tan, & Button, 2014; Seifert & Davids, 

2015). The emergence of functional coordination patterns can change because of constraints 

manipulation even within the same skill. This reflects the continuous individual-environment 

interactions that will impact upon the reorganisation of available DoF. For example, young  

learners are better able to shape their available DoF to a movement pattern that is functionally 

more specific to the task when researchers manipulated the task constraints by scaling the 
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equipment to the children’s size such as tennis rackets and nets (Larson & Guggenheimer, 

2013; Timmerman, Water, Kachel, Reid, Farrow, & Savelsbergh, 2015).  

 

Figure 2.1. Newell’s Constraints Led Model; adapted from Davids et al. (2015). 

Relating this back to the heavier ball transition that the developmental bowlers have to 

undergo, the task constraint would be manipulated and likely result in a change in movement 

coordination. This could mean that the developmental bowlers have to re-learn their once 

stable movement pattern at a lighter ball weight. During this process of searching for a newer 

stable functional coordination pattern at a heavier ball weight, phase transitions may happen 

as the bowler’s inherent coordination tendencies is competing with the newer coordination 

state (Zanone & Kelso, 1997). The inherent coordination tendency is also known as intrinsic 

dynamics, which comprise of the bowler’s biological constraints, development and previous 

learning (Kelso, 1995). Intrinsic dynamics change with practice, thus practitioners should 

preferably be mindful of existing intrinsic dynamics to encourage more effective acquisition 

of new movement skills (Chow et al., 2016).  

In a performance context, constraints are always dynamically changing and as a result, 

coordination is also perceived to be an ongoing process as DoF are continuously reorganised. 

Expert performance is captured by an emergence of an increasingly more functional athlete-

environment relationship acquired over time with task experience (Davids, Button, & 

Bennett, 2008). This functionality prevails in the adaptive capacities of experts, who can 
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display a variety of behaviours from trial to trial to achieve similar performance outcomes 

(Seifert et al., 2013). Expertise can be developed by understanding how to design affordances 

into learning programmes (Chow, Davids, Hristovski, Araújo, & Passos, 2011; Davids et al., 

2015; Kelso, 2008). Hence a movement system must be able to produce both stables 

(persistent) and flexible (variable) motor outputs (Davids et al., 2003; Langdown et al., 

2012). This hinges on system metastability which exists when under the same constraints, a 

performer is able to act relatively independently and dependently on the environment at the 

same time (Kelso, 2012; Davids et al., 2015). In other words, an individual in a metastable 

regime has the opportunity to explore movement control strategies that range from highly 

predictive (pre-planned) to highly reactive to ongoing dynamical constraints changes (Davids 

et al., 2015). For instance, competitive climbers preview the climbing surfaces before to 

consider potential routes, but the eventual climbing actions still emerge as affordances of 

specific surface holds are perceived during the climb (Orth, Davids, & Seifert, 2016). The 

ecological dynamics framework evidently emphasizes on athletes being complex adaptive 

systems that functionally adapt their movements to dynamic environment by continuously 

perceiving information to regulate their actions. This is in contrast to the cognitive approach 

of an ideal movement pattern. Hence, MV is clearly functional and is a potential source of 

information in the process of analysing and monitoring an athlete’s biomechanical qualities 

(Preatoni et al., 2013). In fact, more inter-individual variability has been observed among 

international compared to national standard javelin throwers (Schöllhorn & Bauer, 1998), 

thus contradicting the usual view that increased expertise involves gradual technique 

refinement towards a perceived ideal movement pattern (Glazier et al., 2015).  

2.4. Biomechanics and Movement Coordination of Actions Similar to Ten-pin Bowling 

The biomechanics of sport techniques and the theoretical principles have been well 

documented in the scientific literature (Glazier et al., 2015), less so for movement 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



PROFILING THE TEN-PIN BOWLING MOVEMENT

  

18 

 

coordination. An integrated approach to analyse sporting movement is even less common but 

were still adopted previously to enhance understanding of the coordinative movement 

patterns that define technique in hockey (Brétigny et al., 2011), basketball (Button et al., 

2003; Mullineaux & Uhl, 2010), and cricket bowling (Glazier & Wheat, 2014). Past research 

into movement that resembles ten-pin bowling from any approach would be drawn upon 

below to gain a better understanding of the movement.  

Ten-pin bowling involves a 5-step approach where the 4th and 5th steps correspond to 

the power and sliding steps before ball release. A similar concept in other sports include the 

run-up phase with pre-delivery stride in cricket fast bowling and run-up approach with 

accelerative and zeroing-in phases in long jump. These can be used to relate to ten-pin 

bowling. Distances in the run-up in cricket and approach in long-jump are 15-30m and 40m 

respectively. Pooled horizontal velocities measured from center of mass (Glazier & Wheat, 

2014) were found to have a strong positive relationship to ball release speed in cricket 

(Ferdinands, Marshall, & Kersting, 2010). More individualized analysis of steps length 

variance across the approach and final foot placement revealed more intra-individual 

variability. In fast-bowling, skilled bowlers were inconsistent in the initiation point of run-ups 

(0.20-0.97m range) but reached low levels of variability in final foot placement (0.08-0.16m 

range) over multiple deliveries (Renshaw & Davids, 2004). Adjustments to step length were 

more marked at the beginning and towards the end of the run-up. In long jumping, 

international long jumpers were unexpectedly more variable in footfall placement over trials, 

whereby the standard deviations of footfall placement gradually increased until five steps 

away from the take-off board, where it then reduced (Lee, Lishman, & Thomson, 1982; Hay, 

1988). But stride adjustments still happen during the final 5 steps, whereby 67% were made 

during the final 2 steps. With larger sample sizes and use of intra-individual analyses, the 

trend of ascending-descending variability was not consistent, and some athletes showed an 
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ascending trend all the way to take-off (Hay & Koh, 1988). By using intra-individual analysis 

to examine time-continuous variables and their standard deviations in step lengths, timing 

and placement, variability is clearly evident. Scientists have proposed that these variabilities 

are due to athletes using a prospective control strategy, facilitated by a continuous perception-

action coupling to visually regulate their run-ups (Glazier & Wheat, 2013; Scott, Li, & 

Davids, 1997).      

During the throwing or swinging phase, some key aspects are highlighted that can 

generate speed and accuracy. First the sequencing and timing of body segment motions are 

crucial in generating velocities to the implement. There is a proximal to distal sequence, 

whereby energy and momentum are initially generated in the larger, heavier, more proximal 

body segments before being transferred sequentially to the smaller, lighter, more distal body 

segments through a precisely timed series of segmental accelerations and decelerations 

(Figure 2.2) (Glazier et al., 2015). Kinetic chain is the term used to describe this transfer of 

energy and momentum, which has been observed in cricket bowling (Glazier & Wheat, 2013) 

and golf (Langdown et al., 2012). Based on biomechanical examination of time-discrete 

kinematic variables of segmental velocities, expert cricket bowlers, javelin throwers and 

golfers were found to have greater magnitudes of segmental linear and angular velocities, and 

this difference became more pronounced in progressively distal joint centers (Burden & 

Bartlett, 1990; Bartlett, Müller, Lindinger, Brunner, & Morris, 1996; Cheetham, Rose, 

Hinrichs, Neal, Mottram, Hurrion, & Vint, 2008).  
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Figure 2.2. Kinetic chain in golf, expressed by peak rotation speed of the segments involved 

in relation to timing of movement (Cheetham et al., 2008). 

Second, if maximal velocity is desired, then the timing release of specific movements 

or joints needs to be in line with the summation of velocity principle where the proximal 

body segments reach peak angular velocity prior to more distal segments within the 

downswing (Cheetham et al., 2008; Langdown et al., 2015). Time-series measurements are 

thus important to determine this information. When Cheetham and colleagues (2008) 

examined multiple angular velocity time series measurements in selected golfers, individual 

differences became apparent in terms of the sequencing, timing, and interaction of body 

segments. Moreover, the amateurs demonstrated poorer coordination through varied timing of 

the peak segmental angular speed prior to impact (Figure 2.3). Ten-pin bowling should also 

follow the principle of velocity summation through the kinetic chain. Previous studies have 
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only looked at discrete variables and the timing of movement rather than peak segmental 

velocities, thus it would be valuable to determine the presence of a kinetic chain in ten-pin 

bowling.  

 

Figure 2.3. Comparison of body segment and club motions between golfers of different skill 

levels (Cheetham et al., 2008). 

Since experts are able to generate greater speed in more distal body segments than less 

skilled athletes, likelihood that experts have greater range of motions at key joints to increase 

the distance over which the limbs can be accelerated exists (Glazier et al., 2015). Together 

with an eccentric loading (pre-stretch) of active muscles spanning the joint by counter-

rotating the preceding proximal segment in the linked segment system, transient elastic 

energy can theoretically be used to produce a more forceful concentric contraction, leading to 

a greater increase in the speed of distal segments (Glazier et al., 2015). Golfers are able to 

make use of this stored elastic energy by increasing the angle between the pelvis and thorax 

during the early downswing (Figure 2.4) (Cheetham, Martin, Mottram, & St. Laurent, 2001). 

Skilled soccer kickers increased trunk rotation, contralateral arm extension and abduction 

during the preparatory phase is believed to produce a tension arc that provides greater muscle 
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pre-stretching across the trunk flexors, hip flexors and quadriceps of the kicking leg, leading 

to increased force production during the action phase (Shan & Westeroff, 2005). In fast-

bowling, the bowling and non-bowling arm forms a cooperative force-couple that may 

increase angular velocity of the bowling arm (Glazier & Wheat, 2013). But when examining 

timing of peak angular velocities, the non-bowling arm maximum angular velocity occurred 

significantly earlier than peak trunk flexion and bowling arm angular velocity (Ferdinands, 

Marshall, Round, & Broughan, 2003). Hence it is speculated that the downward thrust of the 

non-bowling arm facilitates rotation and lateral trunk flexion, leading to increased angular 

velocity of the bowling arm (Glazier & Wheat, 2013). Similarly in ten-pin bowling, the 

amount of trunk rotation relative to pelvic movement, as well as the action of the non-

bowling arm, and non-planted leg may hold valuable kinematic information as well.  

 

Figure 2.4. X-factor in golf (Chu et al., 2010). 

The biomechanics of the planted leg or front foot has also received considerable 

research attention in fast-bowling (Glazier & Wheat, 2013). The optimal planted leg action is 

suggested to be one that lands extended or slightly flexed, followed by a period of flexion to 

absorb shock, before vigorously extending up to the point of ball release to provide an effect 
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lever for the upper body to rotate around (Glazier & Wheat, 2013; Worthington, King, & 

Ranson, 2013). While most studies support the view that bowling with a straight or hyper-

extended planted leg can lead to greater ball release speeds, an extended leg at impact may 

produce higher ground reaction forces and loading rates (Portus, Mason, Elliott, Pfitzner, & 

Done, 2004). However, Worthington et al (2013) found that magnitude and direction of 

ground reaction forces appears to be more influenced by foot angle and plant angle at front 

foot impact (Figure 2.5). Larger initial foot angle (heel strike technique) experience lower 

peak forces as the impact is spread over a longer time period. Larger plant angle at front foot 

impact is associated with a lower peak vertical force as firstly, the vertical component of 

ground reaction force is smaller and second, the plant leg and trunk is less aligned, such that 

the reaction force does not act up through the body (Worthington et al., 2013); which the 

authors suggest warrant further investigation to understand the mechanics. Ten-pin bowling 

also involves a planted foot or more specifically the final sliding step that has been previously 

investigated. More is elaborated in a later section but the fast bowling studies provide good 

reference to understand the sliding step in relation to performance and possible injury 

mechanism.  

 

Figure 2.5. (a) The foot angle and (b) the plant angle at front foot impact (Worthington et al., 

2013). 
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2.5. Ten-pin Bowling 

The above section discussed about past research that resembled ten-pin bowling 

movement. This section will elaborate more on the sport itself. Ten-pin bowling is a unique 

abstract-target sport that requires bowlers to deliver a 10-16 pound ball in a five-step 

approach for the ball to travel down an oiled lane to knock down 10 pins. Typically, players 

will take ten turns, called ‘frames’, rolling twice in each frame. The goal is to hit the pocket, 

an area in the pin triangle between pin 1 and pin 3 for right-handed bowlers and between pin 

1 and 2 for left-handed bowlers (Figure 2.6); so as to achieve a strike (USBC, 2013; USBC, 

2005). Maximum points are awarded for strikes, and bowlers aim to out-score one another 

during a game. One can assume that the game sounds simple to accomplish as it resembles 

other target sports like darts, billiards, golf, free-throws, petanque. Similar to these sports, 

consistency is arguably important as accuracy is a major component. This is further 

emphasised in the coaching manual produced by the United States Bowling Congress (2005), 

where “consistency is no.1”. Nonetheless, it also states that a bowler needs to consider the 

lane condition and how to adjust. The reason that lane play is important and that adjustment 

is crucial will be explained in the following sections whereby Newell’s constraints-led model 

is used to understand the sport of ten-pin bowling (Figure 2.7).   
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Figure 2.6. The pin-triangle (USBC, 2013). 

 

Figure 2.7. Ten-pin bowling in a constraints led approach; adapted from Davids et al. (2015). 
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2.5.1. Playing Field 

2.5.1.1. Bowling Lane A bowling lane (Figure 2.8) includes: the pin deck (where the 

pins are located) which is approximately 3 feet in length, the lane surface (wood or synthetic 

material); which is 60 feet in length from the foul line to middle of the pin 1, and the gutters 

along both sides of the lane. The foul line is located at the end of the approach; athletes must 

stay behind the foul line at all times. 

There are also 10 dots on the lane, approximately 7-9 feet from the foul line and 7 

arrows approximately 12-16 feet from the foul line that are used as targets (Figure 2.9). When 

counting the arrows, right-handed athletes start from the right and count left, and left-handed 

athletes start from the left and count right. There are 39 one-inch boards, visible on the lanes. 

At a point 33-44 feet beyond the foul line, there may be a maximum of 4 targets 

known as range finders (Figure 2.10). These help bowlers see the direction of the ball path 

farther down the lane. 

   

Figure 2.8. Bowling lane 

(USBC, 2013). 

Figure 2.9. Locator dots and 

arrows on the bowling lane 

(USBC, 2013). 

Figure 2.10. Range 

finders on the bowling 

lane (USBC, 2013). 
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2.5.1.2. Approach The approach (Figure 2.11) is minimally 15 feet in length. There 

are three sets of locator dots on the approach, approximately 2-6 inches and 12-16 feet from 

the foul line. These dots are used by the bowler to line up before they make their delivery. 

Bowlers will have to coordinate their movement along this 15 feet approach to generate 

sufficient velocity to the ball to hit the pins.  

 

Figure 2.11. Approach (USBC, 2013). 

2.5.1.2. Lane Oiling Patterns Oil is applied to the lane in terms of volume (amount), 

shape (width of lane) and distance (length of lane). The oil pattern can be regarded as three 

dimensional – height, width and length. Oil pattern lengths (Figure 2.12) are defined as short 

(36 feet or less), medium (37 to 41 feet) and long (42 feet or more). The length will affect the 

ball trajectory. The oiling migrates or shifts slightly after every bowl hence lane condition is 

not fixed.  
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Figure 2.12. Oiling patterns (USBC, 2013). 

2.5.2. Ball Trajectory 

2.5.2.1 Ball. The ball is the implement that bowlers use to project down the lane to hit 

the pins. It is made up of materials that differ in texture and friction to elicit different 

characteristics on the lane. It can weigh from 6-16 pounds, but the recommended size is about 

10% of body weight (USBC, 2013). For advanced bowlers, the ball is usually customised to 

suit the profile of the bowler. The local national bowlers generally use an average ball weight 

range from 12-15 pounds. Similar to golf where different types of clubs have its own 

purpose, a bowling ball can be designed for a certain purpose i.e. spare.    

2.5.2.2 Ball phases on the lane. There are 3 distinct phases that the ball goes through 

on the lane: skid, hook and roll (Figure 2.13). An optimal ball trajectory passes through the 3 

phases. But depending on the lane surface, oil patterns, type of balls and technique, each ball 

reacts differently and the length of the phases may change. This could make a difference 

between a strike and non-strike.  
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Roll Phase: Maximum friction between ball and lane 

• Highest revolutions 

• Slowest ball speed 

• Ball travels straight after exiting the hook phase, 

transferring the maximum energy to the pins which 

can increase strike potential 

Hook Phase: Friction between ball and lane increases 

• Ball speed decreases 

• Revolution increase 

• Ball changes direction 

Skid Phase: Least friction between ball and lane 

• Highest ball speed 

• Lowest revolutions 

 

 

Figure 2.13. Ball phases on the lane (USBC, 2013). 

  2.5.2.3 Ball kinematics. Ball velocity, revolutions and rotation are the common 

parameters measured in bowling to determine outcome performance. The faster the ball 

speed, the less time it has to travel down the lane, reducing hook potential. The higher the 

revolution (one complete rotation about its axis), the shorter the skid phase, the earlier the 

hook and roll phases. Axis rotation is an indication of hook potential; hook phase begins 
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when a ball starts losing its axis rotation i.e. ball direction changes. It is affected by the hand 

position at release, whereby forward rotation happens when the hand is behind the ball, and 

side rotation happens when the hand is towards the outside of the ball (Figure 2.14).  

Ball velocity is often measured as an outcome variable using radar gun (Wilson & 

Jalil, 2010), timing gates (Razman, Wan Abas, Osman, & Cheong, 2011), and cameras 

(Wilson, Slowinski, & Jalil, 2010). Razman et al (2008) found that ball release velocity 

significantly correlates with bowling average score. Average speed of women bowlers in an 

international competition is approximately 30km/h (Wilson & Jalil, 2010). A Computer-

Assisted Tracking System (C.A.T.S) (Kegel, USA) is currently available to estimate ball’s 

speed, spin and trajectory through on-lane sonar devices that capture data at 60 frames per 

second. While commonly used in trainings and competitions, the C.A.T.S has not been used 

in research to measure outcome variables. It is clear that techniques (movement parameters) 

will affect the resultant ball motion, hence research had looked at the front foot slide, ball 

height, arm swing speed, timing of these factors in relation to ball speed. These are further 

explained in the next section on techniques.  

 

Figure 2.14. Left: side axis rotation. Right: forward rotation (USBC, 2013). 
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2.5.3. Techniques 

The objective of the game is to score points by knocking down as many pins as 

possible during each bowl. Bowlers often adopt a five steps approach prior to releasing the 

ball. This involves taking four steps towards the pins while simultaneously swinging an 11-16 

pound bowling ball with the dominant hand before releasing the ball on the fifth step. A good 

bowl would be one whereby the bowler is able to generate high ball velocity and revolutions 

on the ball upon release while maintaining postural balance and hitting the pocket; the area 

between pin one and pin three upon pin-impact for a right handed bowler  

2.5.3.1 Targeting. As a target sport, aiming is an important aspect. The novices may 

assume that bowlers aim at the pocket or pins, but past research that the author did suggest 

that bowlers look more at the arrows and hardly at the pins (Goh, Lim, Wylde, Macnaughton, 

Chow, & Lee, 2018). This is in line with coaching literature to use nearer targets to aim 

(USBC, 2005; 2013). Moreover, bowlers also look for the breakpoint, which is defined as the 

point where the oil ends, to estimate the roll phase (Figure 2.13). This is largely a perceptual 

skill and the ability to read the oiling condition may come with experience. Bowlers get 

indication of the oiling pattern by the way the ball travels along the lane, as mentioned above. 

As such, bowlers make adjustments depending on previous bowls. At the elite level where 

every bowler may be assumed to be proficient lane readers, the difference could lie in the 

approach where the coupling between perception and action is crucial.   

2.5.3.2 5-step Approach. After targeting, each bowler has to deliver the ball through 

the 15 feet approach in 4-5 steps. While the number of steps is generally up to personal 

preference, local national bowlers use the 5-step approach (Figure 2.15). The bowling 

movement is essentially a kinetic chain from the proximal to distal segments. Coordination is 

indeed complex as the number of DoFs increase at each joint (Bartlett, 2005). It involves the 

recruitment of body segments into the movement at the correct time. Movement segmentation 
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to develop a technique analysis usually happens, but in bowling it has been more descriptive 

in coaching texts than analytical in research. While no research has broken down the steps 

specifically into phases, past studies often focused on the arm swing as well as the final 

delivery phase (4th to 5th step).   

 

Figure 2.15. 5-step approach. 

Arm swing temporal characteristics were not major determinants of playing level and 

performance (average score and ball velocity) (Razman et al., 2011). However, shorter front 

foot slide (FFS) time was linked to higher ball velocity (Razman, Abas, & Othman, 2010). 

Moreover, elite bowlers had a higher temporal variability of the FFS than the semi-elite 

bowlers (Razman et al., 2010). Another study investigated FFS deeper to its anterio-posterior 

and medio-lateral directions. Lower variability in the medio-lateral direction at FFS 

correlated with higher scores and elite bowlers were more consistent. Conversely, elite 

recorded more varied AP direction at FFS than semi-elite bowlers and this also correlated 

with higher ball velocity (Razman et al., 2010).  

Ball height at stance was manipulated to determine if it changes any kinematic 

variables by Wilson et al (2010). Raising ball height at stance had a small but significant 

effect of increased maximum backswing ball height, shoulder swing speed and also ball 

release velocity. As observed, a simple change in ball height stance changes the task 

constraint only slightly but it affected the resultant movement parameters. Thus if other 

simple variables such as ball weight, or foot position are changed, the perception-action 

coupling may be altered where there is a possibility that resultant movement is different.  
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2.5.4. Injuries 

Injury occurs when the load applied to a tissue exceeds its failure tolerance, and its 

severity is classified in terms of activity time lost (Bartlett, 2005). Competitive ten-pin 

bowlers reportedly swing 11-16 pound balls between 72-126 times per day during qualifying 

tournaments (Singh & Lhee, 2017). As the national bowlers train 5 times a week, perform 

about 130 throws per training, training load can get overwhelming. However, there is no 

literature except for one by Singh and Lhee (2017), which presented an overview of possible 

injuries that a ten-pin bowler may suffer from. Figure 2.16 shows the distribution of injuries 

from 14 individuals who visited the Singapore Sport Institute Medicine Centre in 2016; 

mostly to the wrist, knee, thigh and lumbar regions. These figures do not include those who 

seek treatment outside of the clinic, and those who leave the injuries untreated.  

 

Figure 2.16. Singapore national bowling team injury distribution in 2016 (SSI, 2016). 

Athletes undergoing the growth spurt in adolescence are more likely to be injured 

(Bartlett, 2005), and research that focused on adolescent and paediatric athletes have 

supported this trend as well (Crewe, Campbell, Elliott, & Alderson, 2013; Kocher, Waters, & 
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Micheli, 2000; Simpson, Rio, & Cook, 2016; Stickley, Hetzler; Freemyer, & Kimura, 2008). 

Unlike other sports where injury pathology is studied, there is no reference for bowling. 

Using cricket fast bowling as an example, adolescent compared to senior fast bowlers were 

more susceptible to lower-back injuries when using higher ranges and rates of trunk counter-

rotation over a cricket season (Galloway, Portus, Elliott, & Lloyd, 2007). Half of the injured 

local ten-pin bowlers are aged below 21 years and each has multiple injuries. Moreover, these 

adolescent or developmental athletes are expected to transit to a heavier ball as they progress 

towards to a higher competitive level. Could this be a contributing factor to the injury rate?  

Based on Bartlett (2005), the occurrence and types of injuries depend on load 

characteristics, loaded tissues characteristics, genetic factors, fitness status, technique and 

equipment. Injuries are also divided into traumatic and overuse injuries. Singh and Lhee 

(2017) suggested that the cyclic loading at high loads cause most of the injuries in ten-pin 

bowling. Workload monitoring in throwing-dominant sports is less researched than running-

based sport and it could be an effective means to detect and identify injury risks and 

thresholds (Black, Gabbett, Cole, & Naughton, 2016). There is no system in place to record 

workload of athletes yet, and can be a good starting point to understand injury mechanism in 

ten-pin bowling. As most throwing sports involve over-head motion rather than an under-arm 

throw like in bowling, technique analysis is minimal and can provide a broad overview 

before delving deeper into other areas in future research.   

2.6. Change in Implement Weight 

The increased ball weight during the transition is identified as a possible injury risk 

factor for the developmental bowlers. As the developmental bowlers are proficient bowlers 

who have a certain skill mastery level, is there a possibility that the increased ball weight 

changes the resultant movement patterns such that these bowlers have to re-learn the skill? 
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Past research that has investigated different weighted trainings are sourced to further 

understand this area.  

Most research investigated the link between weighted implements and performance, 

rather than injury risk. A heavier (0.1kg) versus lighter (0.085kg) badminton racket increased 

angular velocity and acceleration (Hsieh, Wong, Wang, & Chung, 2004). Football 

quarterbacks showed that lower overuse injury rates in football may be due to the decreased 

peak forces and torques with the heavier football (0.43kg) (Escamilla, Speer, Fleisig, 

Barrentine, & Andrews, 2000). In team handball players throwing underweight (0.288kg), 

standard (0.360kg), and overweight (0.432kg) balls, arm velocity decreased as ball mass 

increased (van der Tillaar & Ettema, 2011). Similarly, ball velocity increased as ball mass 

decreased in baseball pitching, while pitching overweight balls correlated with decreased arm 

forces, torques and velocities (Fleisig, Diffendaffer, Aune, Ivey, & Laughlin, 2016). Youth 

pitchers also produced faster ball speed with a lighter ball than the standard ball, possibly 

from greater shoulder and elbow velocities (Fleisig, Phillips, Shatley, Loftice, Dun, Drake, 

Farris, & Andrews, 2006). It is tempting to extrapolate conclusions from these previous 

studies, but they do not demonstrate the kinematics and kinetics of weighted-ball exercises 

compared with ten-pin bowling.   

Firstly, the loads or mass of the implements are quite different to ten-pin bowling. 

Most of these implements weigh less than 1kg and the difference in weights are maximally 

0.1kg, while the bowling balls are at least 5kg (11 pound) and the increment is by 0.45kg (1 

pound). Schorah, Choppin and James (2012) compared the swing weight and speed across 

different sports using historical data, and found that bowling has the heaviest implement, 

highest moment of inertia, longest swing time, slowest velocity and acceleration (Figure 

2.17). Secondly, the movements investigated are overhead throws which bear different 

kinematics to under-arm throws. The movement that better resemble under-arm throws could 
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be the golf swing which had been previously researched. Between a heavier and lighter club 

of the same dimension (22g difference), there was no difference in club-head speed (Haeufle, 

Worobets, Wright, Haeufle, & Stefanyshyn, 2012). Between the driver (heavier) and five-iron 

(lighter), club-head speed was similar but ball speed, trunk flexion/extension and lower trunk 

axial rotation were significantly different (Joyce, Burnett, Cochrane, & Ball, 2013). Between 

high (heavier: 78g) and low (lighter: 56g) kick point shaft, club-head speed and ball velocity 

were not significantly different but trunk axial rotation and point of wrist release 

differentiated the two golf shafts (Joyce, Burnett, Cochrane, & Reyes, 2016). It seemed that 

despite the heavier golf clubs, club-head speed did not really change although there were 

changes in the kinematics especially for the trunk and wrist. Thirdly, most of these research 

looked at discrete measures hence it is not clear if variability is present either inter or intra-

individuals.  

Therefore, it will be useful to get information how a heavier ball affects movement 

kinematics and coordination, ball velocity and spin as well as its trajectory and scoring in ten-

pin bowling.  

 

Figure 2.17. Mean data values of I (length of implement), M (mass), IHE (moment of inertia), 

VTIP (velocity), tswing (duration of swing), aTIP (acceleration), vo’ (velocity of impacted object) 

for 9 sports (Schorah, Choppin, & James, 2012) 
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2.7 Measuring Coordination and Variability 

To better investigate inter- and intra-individual differences, both discrete and 

continuous parameters can be used depending on the research question and the movement 

under scrutiny (Wheat & Glazier, 2006). The assessment of discrete measures usually 

involves the extraction of parameters from kinematic and kinetic curves, and commonly used 

to understand characteristics of a particular motor task and to outline differences between 

groups. To estimate the variability within kinematic parameters, the use of SD and coefficient 

of variation (CV) as spread estimators is common. These rely on the assumption that the data 

analysed are normally distributed. However as data may not usually be normally distributed, 

non-parametric spread estimators can also be used but they also inflate statistically significant 

changes (Preatoni et al., 2013). In order to circumvent this issue, a minimum number of trials 

to ensure a stable mean is required. The number ranges from 8-25 in different tasks (Preatoni 

et al., 2013).  

Continuous measures of a repeated same movement produce a family of curves that 

can differ from each other in magnitude and timings. These time-continuous variables can 

provide an idea of the coordinative patterns that one exhibits while performing a movement. 

There are different methods such as angle-angle and position-velocity (phase-plane) plots. 

Angle-angle plots depict qualitative changes in intra-limb coordination (Chow, Davids, 

Button, & Koh, 2008), and also show relative invariance in coordination patterns. For the 

position-velocity plot, the position and velocity of a joint or segment are plotted relative to 

each other (Preatoni et al., 2013). This phase plane representation is also a prelude to further 

coordination quantification using continuous relative phase techniques. While these are all 

useful methods to assess movement coordination, this research seeks to explore the overall 

movement patterns associated with ten-pin bowling. Hence methods that classify multiple 

time-continuous variables into movement patterns are more appropriate, and the next 
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paragraph elaborates on a particular technique that is most suitable for profiling a movement 

for the first time.  

2.7.1. Cluster Analysis.  

Cluster analysis was first developed to resolve problems in data mining when 

patterns were needed to be identified in high dimensional datasets (Komar et al., 2015; Rein 

et al., 2010). A common metric among the data usually by means of linear distances is 

defined first such that the degree of similarity of dissimilarity can be estimated between 

variables (Rein et al., 2010; Schöllhorn et al., 2014). The hierarchical agglomerative cluster 

analysis algorithms developed then sort these similarity information and group similar 

variables or trials into clusters in an iterative stepwise manner without prior information, and 

the final result yields a hierarchical tree (dendrogram; Figure 2.18) (Komar et al., 2015; Rein 

et al., 2010). The unit of the height scale of the dendrogram represents the distances of the 

common metric as previously calculated. The height of the merger between clusters indicates 

the grade of similarity or dissimilarity between the objects. The higher the merger, the 

smaller the similarity between clusters (Rein et al., 2010). Kinematic or kinetic variables are 

usually used rather than performance scores (Lee et al., 2014). For example, if the distance 

between two shoulder internal rotation angles of two participants is bigger than the distance 

relative to a third participant, the first two participants would be assigned to one cluster and 

the third participant to another (Schöllhorn et al., 2014). Cluster analysis is thus an interesting 

exploratory process to group trials in a large dataset without knowledge about the number or 

existence of groups to better understand movement patterns (Komar et al., 2015).  
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Figure 2.18. Example of a dendogram where the clusters are represented by the numbers 

(Chow et al., 2008) 

Cluster analysis were used in a number of sports similar to ten-pin bowling such as 

discus throwing (Schöllhorn, 1993), handball (Schorer, Fath, Joseph, & Jaitner, 2007), golf 

(Ball & Best, 2007), and soccer kicking (Chow et al., 2008). They generally followed three 

main steps; (i) data pre-processing, (ii) cluster analysis and (iii) cluster validation (Rein et al., 

2010), where the clusters differentiated expertise, movement strategies and learning effects. 

In the discus study, cluster analysis performed on the 8 trials consisting time courses of 40 

joint angles and angular velocities during the final throwing phase, was able to differentiate 

the pre from the post biomechanical feedback intervention trials (Schöllhorn, 1993). In the 

handball study, the researchers performed cluster analysis on normalised displacement data of 

the shoulder, elbow, wrist and hip of the throwing side that distinguished 3 major clusters 

based on skill levels of the participants. The number of clusters within the major clusters was 

an indication of movement pattern variability, whereby the higher skilled participants had 

more clusters; suggesting a greater level of movement pattern variability (Schorer et al., 
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2007). These past research show that cluster analysis can identify movement patterns from 

time-continuous datasets but there are also limitations to this method.  

The algorithms in cluster analysis group the data even when there is no common 

structure, which could reduce confidence in the results (Komar et al., 2015). Validation 

measures were thus proposed to ensure that the results are reliably interpreted (Rein et al., 

2010). These validation measures can be internal or external; internal uses information 

intrinsic to the data alone, while external evaluate the result based on previous knowledge 

(Schöllhorn et al., 2014). Validation procedures and indexes derived from model-selection 

procedures were also fine-tuned and have emerged to strengthen the output of clustering 

procedure (Komar et al., 2015). In essence, the algorithms will attempt to fit the data into the 

most appropriate clusters by maximising the inter-cluster distance while minimising the intra-

cluster distance (Komar et al., 2015). In this way, cluster analysis is particularly useful to 

profile ten-pin bowling movement from time-continuous kinematic parameters, and 

investigate the differences between trials and individuals when bowling with the normal and 

heavier balls.  

2.8. Summary of Review of Literature 

An overview of the theoretical underpinnings of biomechanical and motor control 

aspects of movement analysis was presented, followed by the background into the sport of 

ten-pin bowling before linking it to the theoretical concepts to underlie the gaps that exist in 

literature.  

It is clear from the above background into ten-pin bowling that it is a sport that goes 

beyond consistencies as the environment, task and organism constraints change constantly. 

How each bowler perceives the lane, and affordances as they execute the 5-step approach 

may be different. Moreover with the repetitive movement and loading, injury risk is high; 

especially in the adolescent or developmental bowlers. These developmental bowlers also 
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undergo a transition to a heavier ball, and the author questioned if this could be a contributing 

factor to the injuries sustained. Could the heavier ball as a task constraint affect the resultant 

movement that is less ideal? Unfortunately, there is little in-depth analysis into ten-pin 

bowling or its associated movement of underarm throws. Therefore, a good first step would 

be to profile the bowling movement with an integrated biomechanical and motor control 

approach, secondly to investigate if the task constraint of a heavier ball changes the 

movement patterns in bowling, especially for the developmental bowlers.  

The aims of the study are: (1) to profile the ten-pin bowling movement from the 

biomechanical approach by identifying the relevant time-discrete variables that correlate to 

performance outcomes, (2) to profile the movement by investigating the movement pattern 

consistency of every participant through time-continuous angular joint kinematics, and (3) to 

investigate the differences between NB and HB in performance outcomes and movement 

execution with both time-discrete and time-continuous variables through two approaches. 

Findings from this study can provide an overview of bowling movement, a better 

understanding of the link between movement and injuries so that workload guidelines can be 

better informed and a more systematic approach to injury prevention can be prepared.  
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Table 2.1. Summary of Studies Investigating Bowling Motion. 

 

 

Authors 

(Year) 
Purpose Participants 

Research 

Design 

Movement 

Measures 

Outcome 

Measures 

Data Capture 

and Analysis 
Findings 

Chu, Zhang 

and Mau 

(2002) 

Profile elite 

level bowlers 

in delivery 

technique, 

compare 

between male 

and female 

bowlers 

12 bowlers  

(7 male, 5 

females) 

• Group-

based 

• Discrete 

kinematic 

measures 

• Gender 

comparison 

 

1) Maximum ball 

height  

2) Distance 

between front 

toe and foul 

line 

3) Distance 

between front 

and back toe at 

release  

4) Arm swing  

5) Hip shoulder 

wrist angle 

6) Angular 

velocity of arm 

swing 

7) Backward 

shoulder 

extension  

8) Maximum 

ROM for 

shoulder 

during 

approach 

NA Digitization 

(50Hz) 

Mean and 

standard deviation 

values were 

determined for all 

variables.  

Independent t-test 

was performed to 

test for 

significance of 

group differences 

between male and 

female bowlers. 

• Max ball height: similar (1.4m) 

• Distance between front toe and 

foul line: male (0.348m) > female 

bowlers (0.155m). Momentum of 

male bowler - ball system > female 

bowler- ball system. So, male 

bowler required more buffer space 

for stopping and ball release.  

• Distance between front and back 

toe at release: similar (1m) 

• Arm swing: arm was in a more 

horizontal position for male 

bowlers than female bowlers at 

release. Stronger muscle strength 

of male athletes so that the male 

bowlers lift their arms closer to the 

horizontal.  

• Max hip shoulder wrist angle: 

male (92°) > female (~82°) 

• Angular velocity of arm swing: 

similar (610°/s) 

• Backward shoulder extension: 

similar (90°<100°) 

• Maximum ROM for shoulder 

during approach: similar (150°) 
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Table 2.1. (continued) Summary of Studies Investigating Bowling Motion. 

 

  

Authors 

(Year) 
Purpose Participants 

Research 

Design 

Movement 

Measures 

Outcome 

Measures 

Data Capture 

and Analysis 
Findings 

Hon, 

Senanayake 

& Flyger 

(2009) 

Develop an 

interactive 

Graphical 

User Interface 

(GUI) 

LabVIEW 

program to 

analyze and 

visualize 

critical 

biomechanics 

parameters of 

the arm swing 

movement 

which allow 

the bowling 

coach and the 

player to 

assess the 

performance 

of the bowler 

No 

information 

was 

provided – 

arguably 1 

bowler 

Exploratory Angular rate Y: 

angular velocity 

along the 

sensor’s Y-axis 

Other outputs 

that can be 

obtained from 

the sensor 

include Euler 

angles, rotation 

matrix, ∆angle, 

∆velocity, 

acceleration and 

angular rate 

vectors. 

NA No information 

was provided as 

to the statistical 

analysis used to 

derive the 

algorithm 

Most fundamental biomechanics 

parameters:  

• Angular velocity of the arm from 

max backswing height to ball 

release 

• Wrist angle during the arm swing 

Based on the data obtained from 

the sensor, only angular rate Y, 

roll angle and pitch angle data are 

used to be processed and to be 

analyzed in order to derive all 

parameters. 
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Table 2.1. (continued) Summary of Studies Investigating Bowling Motion. 

Authors 

(Year) 
Purpose Participants 

Research 

Design 

Movement 

Measures 

Outcome 

Measures 

Data Capture 

and Analysis 
Findings 

Razman, 

Wan Abas 

& Othman 

(2010) 

Analyse 

variability of 

FFS to 

average 

bowling score 

(Bave) and ball 

release 

velocity 

(BRvel) and its 

relation to 

bowling level  

30 bowlers:  

• 18 elite 

M=10, 

F=8;  Bave: 

213.2 ± 

6.80  

• 12 amateur 

bowlers 

M=7, F=5; 

Bave: 

181.3 ± 

9.36 

• Group 

based 

• Correlation 

• Discrete 

and time-

series data 

 

Foot position 

variables:  

1) Anterio-

Posterior (AP) 

2) Medio-Lateral 

(ML)  

3) AP velocity  

4) AP 

acceleration 

Reflective 

markers (15mm) 

were placed at the 

front tip of the 

bowling shoe and 

under the heel 

counter, the 

midpoint between 

the two markers 

was taken as the 

foot position 

Strikes 

• BRvel 

 

 

Kwon3D motion 

analysis: Foot 

kinematic data  

Timing gates: 

BRvel 

Four Basler 

(100Hz) cameras: 

motion capture 

Time-continuous 

variables:  

• Normalized 

from top of 

back swing to 

top of follow 

through 

Variability 

indicator of FFS:  

• Mean 

Standard 

Deviation 

(SD) of the 

trials 

Velocity & 

acceleration 

variables: 

• Mean peak 

values 

• BRvel significantly correlated to 

Bavg (r = 0.59) 

• BRvel significantly correlated to: 

o Peak foot velocity (r = 

0.52) 

o Peak acceleration (r = 

0.39) 

o Peak deceleration (r = -

0.48) 

• Lower variability in the ML 

position at FS prior to slide 

correlated with better bowling 

scores; elite group more consistent 

(ML consistent better) 

• Higher variability in AP foot 

position at FS relate to better Bavg; 

higher variability AP foot position 

throughout the delivery was 

related to higher BRvel (AP 

variable better) 

• Consistency of side to side foot 

path during slide and foot 

placement at the start of the slide 

is important to achieving better 

bowling scores.  

• Front to back position of the 

sliding foot should be expected to 

vary as the bowlers try to adjust 
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Compare groups: 

Independent 

samples t-test 

Relationship: 

Pearson Product 

Moment 

Correlation 

their body segments to stop before 

the foul line whilst trying to attain 

greater ball release velocities 

Wilson & 

Jalil (2010) 

Finding out 

ball speed of  

Malaysian 

female 

bowlers 

21 female 

bowlers:  

8 Malaysian 

13 

International 

• Group-

based 

• Correlation 

• Intra-trial 

• Inter-trial  

 

NA  Mean and SD 

of ball speeds 

and total 

scores from 

the first bowl 

of each frame 

Speed radar gun 

during 

competition; short 

oil  

Correlation of 

speed and scores 

were calculated 

for all and also for 

the two groups of 

bowlers. 

• Average speed: 18.4 mph  ± 

0.32 mph  (15.4-20.5 ±  0.18-

0.65 mph)  

• Positive correlation between 

max all speed and total score (r 

= 0.18). 

• Negative correlation between 

speed variation and total score 

(r = -0.1) - less speed variation, 

higher score 

• Ball speeds show a trend to 

increase as the game proceeds 

and appear to peak at Frame 6 

(bowls 11 and 12) 

• Ball speeds: Malaysia > 

International but similar scores 

despite large correlation 

between speed and score 
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Table 2.1. (continued) Summary of Studies Investigating Bowling Motion. 

Authors 

(Year) 
Purpose Participants 

Research 

Design 

Movement 

Measures 

Outcome 

Measures 

Data Capture 

and Analysis 
Findings 

Wilson, 

Slowinski 

& Jalil 

(2010) 

Determine if 

ball height in 

stance and 

how other 

kinematic 

parameters 

contribute to 

ball speed 

33 

development

al bowlers 

(18 male, 15 

female) 

Exploratory 

• Discrete 

measures  

Mathematical 

formula to 

determine 

possible BRvel 

using 

principles of 

conservation 

of energy and 

summation of 

velocity 

vectors. This 

is then 

expressed as a 

% of observed 

BRvel 

1) Ball height at 

top of 

backswing 

(Bht) 

2) Ball height at 

top of 

backswing 

relative to 

stature (BRht) 

3) Shoulder 

speed at 

beginning of 

slide (VSs) 

1) Observed 

ball speed 

at release 

(VBrel) 

2) Calculated 

ball speed 

at release 

(VBcal) 

4 deliveries from 

each bowler: 2  

normal ball 

height, 2 different 

ball heights in 

stance 

2D video capture 

(50 Hz) 

Means and SD 

T-test: 

relationship 

between ball 

height and VBrel  

Correlation: VBrel 

with BRht and VSs 

to determine 

which contributed 

more to variance 

in VBrel 

Bht (m) 

• Male: 1.79 (normal), 1.84 (high), 

1.77 (low) 

• Female: 1.52 (normal), 1.55 (high), 

1.51 (low) 

VSs (m/s):  

• Male: 2.13 (normal), 2.19 (high), 

2.13 (low) 

• Female: 1.93 (normal), 1.95 (high), 

1.91 (low) 

VBrel (m/s):  

• Male: 8.29 (normal), 8.51 (high), 

8.25 (low) 

• Female: 7.50 (normal), 7.62 (high), 

7.59 (low) 

Raising ball height stance had a small 

but significant effect of increasing Bht, 

VSs and VBrel  

Maximizing Bht and increasing VSs 

will increase VBrel. VBrel was shown to 

be largely (95%) due to Bht and VSs at 

the beginning of the slide. Increasing 

stance ball height was expected to raise 

the ball by 0.20 m in the backswing. 

But the increase in Bht was only of the 

order of 0.05 m.  
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Only 23% of the variance in ball speed 

could be attributed to Bht. Since the 

ability to manipulate ball speed appears 

to be critical for a bowler to adjust to 

different lane conditions, further 

investigation of other means of 

influencing ball speed is important. We 

suggest, as a first priority, investigation 

of the effects of the forward drive and 

of dipping the shoulder prior to the 

slide, and of trunk rotation in the slide, 

on ball speed.  

Razman, 

Wan Abas, 

Osman & 

Cheong 

(2011) 

Analyse 

temporal 

characteristics 

and variability 

of the final 

delivery phase 

and its 

relation to 

bowling level 

and 

performance 

30 bowlers, 

2 skill 

levels:  

18 elite 

(Male = 10, 

Female = 8,  

Bave 

213.2±6.80; 

BRvel 

17.66±0.85

mph)  

12 semi-elite 

bowlers 

(Male=7, 

Female=5; 

Bave 

181.3±9.36; 

BRvel 

16.90±1.46

mph) 

Group-based 

Correlation  

Variability 

component 

(SD) 

Timing and 

duration of final 

delivery phase: 

arm swing (top of 

back swing – 

TBS), front foot 

slide (front foot 

strike – FFS) and 

ball release (BR) 

 

Temporal 

variable: 

execution 

time, between-

trial variability 

Performance: 

average score, 

ball release 

velocity  

Temporal data: 

Kwon3D system 

Timing gates 

4 Basler cameras 

(100 Hz) 

Reflective 

markers at wrist, 

metacarpal of 

bowling arm; heel 

counter of sliding 

foot 

Standard 

deviation as 

variability 

indicator 

Independent 

samples t-test and 

Pearson product 

moment 

correlation to 

compare group 

Temporal characteristics of arm swing 

were not major determinants of playing 

level and performance; neither was 

BRvel 

Experts had greater foot slide temporal 

variability and greater variability 

correlated with better bowling average 

score.   
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Table 2.1. (continued) Summary of Studies Investigating Bowling Motion. 

 

  

score and identify 

relationships 

Authors 

(Year) 
Purpose Participants 

Research 

Design 

Movement 

Measures 

Outcome 

Measures 

Data Capture 

and Analysis 
Findings 

Young, 

Sherk & 

Bemben 

(2011) 

To compare 

musculo-

skeletal 

characteristics 

of the loaded 

and non-

loaded 

forearm and 

upper leg of 

competitive 

ten-pin 

bowlers 

10 

competitive 

bowlers 

(30.6±6.8 

yrs)  

• Group-

based 

• Discrete 

measures 

Exploratory  

1) Areal bone 

mineral 

density 

(aBMD) 

2) Body 

composition 

measured with 

Dual Energy 

X-ray 

Absorptiometr

y (DXA) 

3) Volumetric 

bone mineral 

density 

(vBMD) 

Assessed at 4% 

and 66% of the 

limb length of 

each radius and 

50% of the limb 

length of each 

femur 

NA Bone and muscle 

characteristics of 

the loaded and 

non-loaded limbs 

were compared 

and analyzed 

using paired t-

tests. 

Compared to the non-loaded side, the 

femoral shaft of bowlers adapts by 

increasing bone area and cortical 

thickness without a change in vBMD, 

while the loaded radius adapts by 

increasing vBMD. 
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Table 2.1. (continued) Summary of Studies Investigating Bowling Motion. 

  

Authors 

(Year) 
Purpose Participants 

Research 

Design 

Movement 

Measures 

Outcome 

Measures 

Data Capture 

and Analysis 
Findings 

Kimura, 

Watanabe, 

Kobayashi 

& Kurihara 

(2011) 

Use of 3D 

acceleration 

and gyro 

sensors to 

describe, 

measure and 

analyse 

bowling form 

(hand and 

waist motion) 

4 

participants 

(1 expert, 3 

novice) 

Experimental  

Exploratory  

Speed of the 

swing 

Hand and waist 

angular velocity 

and acceleration 

NA 2 small wireless 

hybrid sensors 

that measure 3D 

acceleration & 3D 

angular velocity; 

fixed to the back 

of subject’s hand 

and center of 

waist.  

High-speed 

camera – speed  

Euler 

transformation 

There was no difference in waist 

motion between the expert bowler and 

the novice bowlers. But acceleration 

and angular velocity of waist motion 

influenced the posture and foot 

placement. 

Hung, 

Hsieh & 

Wu (2012) 

Use 

LabVIEW to 

help bowlers 

understand 

their joint 

movements, 

forces acting 

at their joints 

and 

consistency of 

knee 

movements 

while bowling 

8 bowlers 

from a 

Taiwanese 

ten-pin 

bowling club 

(age: 28.8 ± 

6.9 years; 

height: 1.71 

± 0.05 m; 

weight: 77.5 

± 22.1 kg) 

Experimental 

Exploratory  

Kinetic and 

kinematic data 

relating to the 

lower limbs were 

derived from 

bowlers’ joint 

angles and the 

joint forces were 

calculated from 

the Euler angles 

using the inverse 

dynamics method 

with Newton-

Euler equations. 

NA 10-20 trials for 

analysis  

6 high-speed 

infrared cameras 

to collect 

reflective markers 

trajectories  

3D motion 

analysis system 

(Vicon MX) with 

2 AMTI force 

plates (type OR6-

6, 1000 Hz)  

An artificial-neural-network (ANN)-

based data-driven model for predicting 

knee forces using the Euler angles was 

developed. 

The mean trend line slope for the eight 

bowlers is 0.14 N/kg- degree, which 

indicates that the vertical forces are 

positively correlated with the joint 

angles.  

As the bowlers’ legs slide on the plate, 

the range of knee angles was from 50° 

to 90° for flexion in the sagittal plane 

and the range of the vertical force Fz 

was approximately 4-12 N/kg  
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Table 2.1. (continued) Summary of Studies Investigating Bowling Motion. 

 

Authors 

(Year) 
Purpose Participants 

Research 

Design 

Movement 

Measures 

Outcome 

Measures 

Data Capture 

and Analysis 
Findings 

Ismail, 

Adnan & 

Sulaiman 

(2014) 

Identifying a 

simple 

bowling 

throw model 

to investigate 

lane’s rolling 

resistance 

NA Mathematical 

Modelling  
• Work done 

during 

throwing 

phase  

• Power 

required to 

throw the ball 

• Moment of 

inertia of 

throwing arm 

• Power 

required 

for moving 

the ball on 

the lane 

• Rolling 

resistance 

coefficient 

of the ball-

lane 

Mathematical 

equations 

In simulating the power required to 

throw a bowling ball, the ball release 

velocity and the arm angular velocity 

are utilized in the model. Therefore, in 

real world situations, if there are 

possible way to measure the ball 

release velocity, arm angular velocity 

and other basic information such as the 

bowler’s anthropometry data, bowling 

ball information, and environmental 

aspects like the room temperature and 

air density, the amount of rolling 

resistance of the bowling lane. Based 

on this information, the suitable 

average ball velocity as well as its 

throwing power requirement can be 

systematically identified. 

Singh & 

Lhee 

(2017) 

Describe 

pattern of ten-

pin bowling 

injuries & 

locate factors 

that may 

predict these 

injuries 

NA Review article • Wrist & 

forearm 

• Hand  

• Elbow 

• Shoulder 

• Back  

• Knee  

 

  • Minimum research and information 

on bowling-related injuries 

• Changing style to generate more 

power  

• Each bowler repeatedly swings 11-

16 pound ball between 72 and 126 

times per day during qualifying 

rounds of a tournament (12-21 

swings per game, 6 games per day) 
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3. Methodology 

3.1. Chapter Overview 

The objectives of this study were to profile the bowling movement of developmental 

bowlers in an integrated biomechanical and motor control approach and investigate if an 

increase in ball weight from 14 to 15 pound changes the movement patterns of bowlers. 

Information obtained can go towards improving the transition process; when bowlers increase 

their ball weight, to an evidence-based progression which is otherwise done subjectively at 

present. As such, the methodology chapter will explain the research design to accomplish the 

objectives, including the proposed set-up and suggested data variables for analysis.  

3.2. Research Design 

This study had three specific aims. The first aim was to profile the ten-pin bowling 

movement from the biomechanical approach by identifying the relevant time-discrete 

variables that correlate to performance outcomes. It was hypothesized that score outcome and 

ball release speed would correlate well with some spatio-temporal and angular joint 

kinematic variables. The second aim was to profile the movement from the motor control 

approach by investigating the movement pattern consistency of every participant through 

time-continuous angular joint kinematics. It was hypothesized that cluster analysis could 

identify groupings that would indicate less intra-individual variability but more inter-

individual variability. The third aim was to investigate the differences between NB and HB in 

performance outcomes and movement execution with both time-discrete and time-continuous 

variables through two approaches. It was hypothesized that ball release speed and score were 

less when bowling with HB than NB. Also, there would be both time-discrete and time-

continuous kinematic variables that differentiate the two ball weight conditions, and these 

variables could be similar across the two approaches.  
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A within-participant design whereby each participant had to perform in the two ball 

weight conditions was adopted. This crossover allowed comparisons between ball weights to 

be made within each and among all participants, thus achieving all three aims of the current 

study. Other studies that had investigated effects of changes in implement properties i.e., bat 

mass and shaft stiffness, on swing mechanics and timing had also adopted a within-

participant design (Joyce et al., 2016; Laughlin, Fleisig, Aune, & Diffendaffer, 2016).  

The sample size and number of trials was determined based on past studies with 

similar research aims and design. The two studies above that adopted the within-participant 

design, recruited 20 and 30 participants respectively (Joyce et al., 2016; Laughlin Et al., 

2016). Conversely, when investigating movement variability, smaller sample sizes (n < 10) 

but larger trial numbers (n > 3) were used. According to Frost, Beach and McGill (2015), 

collecting several trials of a given task is expected to provide a more stable estimate of an 

individual’s movement behaviour when evaluating intervention effect or contrasting multiple 

conditions. Minimum number of trials has been reported for several activities, including 

vertical jumping (8 < n < 13) (Rodano & Squadrone, 2002) and cricket bowling (n > 12) 

(Stuelcken and Sinclair, 2009). Schorer et al. (2007) recruited 5 participants and analysed 5 

trials to each of 9 target areas per participant, to examine their inter-individual movement 

patterns and intra-individual differences relative to different targets in a handball throwing 

task. Brétigny et al. (2011) recruited 9 elite participants and analysed 5 trials per participant 

to examine if different coordination profiles exist for the field hockey drive at the elite level 

through cluster analysis. These studies had similar objectives to the second and third aims of 

this current study: to explore the movement patterns and its variability of ten-pin bowling. 

From these various past studies, it is clear that a balance between sample size and number of 

trials had to be achieved for the current study. Moreover, these studies had assumed each trial 

was independent despite collecting them at the same testing session.  
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3.3. Participants 

The developmental bowlers that we targeted are considered relatively advanced in 

their skill level compared to others in the same age-group. According to Mullineaux, Bartlett, 

and Bennett (2001), differences between elite performers are very small, hence smaller effect 

sizes may be meaningful. Taking this into consideration, a power analysis (G*Power 3.1.9.2, 

Kiel, Germany) was conducted to estimate sample size using a moderate effect size of 0.6 

(Hopkins, 1997), with an error probability of .05, and a power of 0.8. With an actual power of 

.81, a total of 8 participants was required for this study which was also within range of the 

numbers from Brétigny et al. (2011) and Schorer et al. (2007). As such, 8 developmental 

bowlers were recruited. Each bowler would perform 10 trials, higher than the past studies 

mentioned.  

Ethics approval was obtained from the Nanyang Technological University (NTU) 

Institutional Review Board on 26 September 2017 (Appendix A). Participants were recruited 

by partnering with Singapore Sports School’s (SSP) bowling team as the student-bowlers fell 

within our inclusion and exclusion criteria (Table 3.1). Pre-transition bowlers meant that the 

bowlers should not have started structured and supervised training with the heavier ball even 

though they could have already attempted to bowl with the heavier ball before.  

Table 3.1. Inclusion and Exclusion Criteria for the Research Study. 

Inclusion Criteria Exclusion Criteria 

▪ Member of developmental squad ▪ Serious injuries in the past 6 months 

▪ Pre-transition ▪ Discomfort or pain during the study 

 

As participants were below the age of 18 years old, a briefing session was conducted 

to the parents of the SSP bowling team to inform them of the study and to address any 

concerns they had. Information sheets (Appendix B) were given at this session. Through this 

session and based on coaches’ random selection, eight right-handed participants were 
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recruited for the present study. Written consent was obtained from each participant and their 

parents or guardian (Appendix C). Each participant also completed a questionnaire 

(Appendix D) to understand their bowling background and injury history. The demographics 

of the participants are listed in Table 3.2.   

Table 3.2. Participants’ Demographics. 

Participants (n=8)  Age (years) Height (m) Weight (kg) 

7 Male  
13.4 ± 0.52 1.62 ± 0.04 54.8 ± 13.2 

1 Female  

 

3.4 Equipment Set-up 

Data collection occurred at the bowling lanes in SSP as the actual game settings can 

be replicated. 12-camera Vicon Nexus Motion Analysis System (Oxford Metrics, Oxford, 

UK) operating at 250 Hz were used to record and track the three-dimensional (3D) marker 

trajectories on the bowler. The global reference frame originated at the left most point of the 

foul-line, where positive x pointed leftward along the foul-line, positive y pointed to the pins 

and positive z pointed up. The cameras were placed around the plane of movement as shown 

in Figure 3.1. A pilot test was done to ensure that the ball impacts did not affect the accuracy 

of the 3D motion capture. Spherical markers are placed at the two ends of the approach dots 

and also the foul-line to denote the start and end of the approach length. The scores and ball 

trajectory were recorded through the C.A.T.S system (Appendix E). However, as the C.A.T.S 

system malfunctioned on most occasions, scores were manually noted after every trial while 

ball speed was measured via the 3D motion capture system. Ball trajectory was not captured 

as a result. To supplement the 3D motion capture, 2D cameras (JVC, PAL, 50 Hz) were used 

to capture the side and front views. The switching on of the infrared calibration frame before 

the start of each trial was used to synchronise the two camera systems.  
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Figure 3.1. Camera placement set-up on the bowling lanes. 

3.5 Task Set-up 

There are two conditions that reflect the different ball weights; (i) 14-pound normal 

weighted (NB) and (ii) 15-pound heavy ball (HB). In each condition, the participants bowled 

10 trials, where each trial is a single frame. This means that spares were not played and pins 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



PROFILING THE TEN-PIN BOWLING MOVEMENT

 

  

56 

 

reset to the full set even if there was no strike in the previous bowl. This ensures that all 

participants have the same task goal of hitting 10 pins rather than having varied pin positions 

during the second frame when spares happen. Participants were told to bowl to the best of 

their ability and to score as many pin-falls as possible. The order of the two conditions were 

alternated, whereby the first participant would do the normal (NB) condition first followed by 

heavy (HB). The subsequent participant did the opposite.  

3.6. Procedures 

 

Figure 3.2. Testing procedure. 

Each participant went through a test session of approximately 2 hours individually, 

which includes warm-up, marking up, calibration, familiarisation and testing. Two days 

before testing, reminders were sent to the participant to inform them to wear tights for the 

testing.  

Upon arrival at the bowling centre, participants submitted the consent forms. The 

investigator would reiterate the purpose of the test, which is to collect 3D motion analysis 

data with the purposes of understanding performance and preventing injury. Thereafter, the 

procedure of the testing and its potential risks and benefits were briefed to the participant. 

The anthropometry (limb lengths) of the participants were measured and recorded on their 

background forms.  

The participant then proceeded to perform their regular 15-minute generic warm-up 

exercises. While the participant warmed up, the balls were marked with small rounded 
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reflective tape at 6 spots spread around for the 3D system to be able to pick the implement 

up. After the warm-up, the participant was marked up. The full-body University of Western 

Australia marker set was used (Figure 3.3) together with skin friendly wig tapes to secure the 

markers down. The set consists of numerous single markers, as well as triad ‘clusters’ of 

semi-malleable plastic or rigid moulded lightweight aluminium. The markers over the ankle 

joint centres were subsequently removed for dynamic bowling trials. These triad clusters 

have been shown to reduce measurement error associated with skin movement (Cappozzo, 

Catani, Della Croce, & Leardini, 1995) and have been shown to produce reliable data during 

cricket bowling (Eſtaxiopoulou, Gupte, Dear, & Bull, 2013). Participant specific static 

calibration trials have to be first performed to obtain anatomical frames of reference for the 

dynamic bowling trials. The ankle joint centres are identified using markers placed on the 

medial malleolus of the tibia and the lateral malleolus of the fibula and defined as the mid-

point between the two malleoli. The medial and lateral femoral condyles of the knees and 

epicondyles of the elbows are identified using a ‘pointer’ method (Piazza & Cavanagh, 

2000). Using the same ‘pointer’ method, the ball markers were reconstructed in the dynamic 

bowling trials by using the wrist markers as reference.  

Following the calibration trials, each participant performed their typical bowling 

specific warm-up on the lanes. This warm-up also allows familiarisation with the laboratory 

environment, which consists of the oiling pattern and the balls. Each participant warmed up 

and familiarised for 15 minutes.  

Thereafter each bowler performed 10 shots in the first condition, followed by a 5 

minutes rest in before the commencement of the next 10 shots in the second condition. The 

time between each trial was self-determined as per in an actual bowling game. It comprised 

of the time taken to walk back, ball to return, wipe the ball, and reset the pins before the 

bowler got into ready position. This ranged between 1 to 2 minutes interval between each 
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trial. Instructions given were to perform to the best of their ability, aiming for as high a pin-

fall number as possible. The order of the two conditions alternated after every participant to 

ensure that there is no order effect present. Scores were taken note by the researcher.  

a) Front b) Left c) Right d) Back 

    

Figure 3.3. UWA Full Body Marker Set Placement. 

3.7. Data Analysis 

3.7.1 Performance Outcomes 

The score was measured by the number of pin-falls in each trial; highest possible 

being a 10 due to maximum 10 pins in a frame. Most other studies used cumulative scores as 

an outcome measure, but as the aim of this study was to look at intra-trial differences thus 

score per trial was used instead. Moreover, single frames were used in this study hence 

cumulative game score is not possible to calculate. Ball speed at release was calculated using 

the UWA model explained in the next section; measured via the 3D motion capture system, 

where the linear velocity at the frame identified when ball leaves the hand was recorded. 

Pearson product–moment correlations was run to determine the relationship between ball 
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release speed and score separately for NB and HB to achieve the first aim. A paired sample t-

test was run to determine if there were any performance differences between the two ball 

weight conditions to achieve the third aim. Alpha level was set at 0.05.  

3.7.2 Movement Variables  

Two-dimensional data of each marker from every of the 12 cameras were captured 

and 3D marker trajectories were reconstructed through the Vicon Workstation software 

(Oxford Metrics, Oxford, UK). These marker trajectories were labelled and any subsequent 

broken or missing trajectories were corrected using cubic spline interpolation. When gaps 

exceeded beyond 50 frames (Middleton et al., 2016), the trial was deemed unsuitable for 

analysis. As such, not every participant had 10 trials in each condition (refer to Table 4.9 for 

trial breakdown per participant). After the gap-fill, all marker trajectories were filtered at 8 

Hz using a low-pass 4th order Butterworth filter through the Vicon Workstation software, 

determined by residual analysis and visual inspection. Thereafter, the data were modelled 

using modified versions of the UWA upper body, lower body and ball models (Whiteside, 

Elliott, Lay, & Reid, 2014).  

These modelled data were then used to denote the onset and offset of each event in the 

bowling movement. Figure 3.4 shows the events and phases that make up each bowling 

movement. The arm swing was used to break the movement into phases as with previous 

studies (Chu et al., 2002; Wilson et al., 2010). By breaking down the movement into phases, 

the movement can be more clearly investigated and better understood in relation to the 

objectives of each phase which may be different. Each trial started when the velocity of the 

left foot exceeded a threshold value of 0.04m/s. For all participants, this value was indicative 

of the point before an exponential increase in velocity hence this value was decided upon. 

The minimum z-value of the heel marker was used to establish when foot strike occurred in 

the first four steps. The z-value of the left metatarsal was used to denote the start of the slide, 
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while the end of the slide was denoted at the frame when velocity crosses zero. To denote the 

swing phases, the z-value of the right carpal marker was used as reference to determine the 

frames when ball was at the bottom and top of swing. While the above events used marker 

trajectories to ensure more reliability, ball release was identified by visual inspection of the 

hand and reconstructed ball markers. The stick-on reflective ball markers did not capture 

well, hence the need to reconstruct the ball markers using the wrist and hand markers. 

However, that would mean that information of the ball beyond ball release will not be 

accurate.  

  

Figure 3.4. Events and phases breakdown of a bowling trial.   

Time-continuous joint-angle data for the trunk, shoulders, right elbow, right wrist, left 

and right hip, knees and ankles for each individual trial were then exported. Displacement 

variables were chosen to get a preliminary understanding of the movement associated with 

ten-pin bowling in accordance with the aims, instead of including the velocity variables as 

that will increase the complexity of the data. A custom MATLAB programme (Mathworks 

Inc.; Natick, MA) was written to first collate the variables of interest (Table 3.3) by trial, 

participant and condition, second to normalise each variable 100 data points between the start 

and ball release; to allow simultaneous comparison across individuals and trials (Chow et al., 

2008; Rein et al., 2010), third to identify the onset of each event or phase in the normalised 

trial. The joint angles at the (i) start, (ii) bottom of swing (BOS), (iii) top of swing (TOS) and 

(iv) ball release (BR) were also collated as they mark the start and/or end of each arm swing 
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phase. These time-points were also previously measured (Chu et al., 2002; Razman et al., 

2010; Wilson et al., 2010).   

The collated data were used to identify the generic kinematic variables of (i) timing 

(ii) ball height and (iii) step lengths. Step length was calculated by subtracting the y-value of 

the left and right calcaneus marker at relevant time-points. Table 3.4 provides the list of 

discrete kinematic variables that were collated.  

Two types of statistical analysis were run to profile the bowling movement as the 

normality assumption was met. First, Pearson product–moment correlations was run to 

determine the relationship between the discrete kinematic variables with ball release speed 

and score separately for NB (n = 8) and HB (n = 8). An r of 0.1 was considered weak, 0.3 

moderate and 0.5 strong (Cohen, 1992). Second, paired sample t-test was performed to 

compare between the NB and HB conditions (n = 8). Alpha levels were set at 0.05.  

Table 3.3. Angular Kinematic Variables at Selected Joints. 

Joints Kinematic Variables (Angles) 

Trunk Flexion-Extension, Lateral Flexion, Internal-External Rotation 

Right Shoulder  

(relative to thorax) 

Flexion-Extension, Abduction-Adduction, Internal-External Rotation 

Left Shoulder  

(relative to thorax) 

Flexion-Extension, Abduction-Adduction, Internal-External Rotation 

Right Elbow Flexion-Extension, Pronation-Supination 

Right Wrist Flexion-Extension, Abduction-Adduction 

Right and Left Hip Flexion-Extension, Abduction-Adduction, Internal-External Rotation 

Right and Left Knees Flexion-Extension, Abduction-Adduction, Internal-External Rotation 

Right and Left Ankles Dorsi-Plantar Flexion, Abduction-Adduction, Inversion-Eversion 
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Table 3.4. List of all variables. 

List of Discrete Kinematic Variables 

1. Onset (%time) of each step; inclusive of slide and power step 

2. Onset (%time) at BOS and TOS  

3. Duration of power step  

4. Ball height at start, BOS and TOS  

5. Step lengths; inclusive of slide length 

6. Joints angles (Table 3.3) at start, BOS, TOS and BR 

 

3.7.3 Cluster Analysis 

To determine and compare the movement patterns across trials and participants, seven 

joint angular positions (Table 3.5) from every trial were time normalised to 100 data points. 

These seven were postulated to be (i) crucial to the performance of the bowling movement 

and (ii) likely to be more affected by the heavier ball weight, based on discussion with other 

sport biomechanists and references from past bowling studies (Table 2.1). All trials; both NB 

and HB, were included and time-normalised to 100 data points in order to compare 

movement patterns across trials and participants, and also investigate how cluster analysis 

would differentiate all the trials, i.e. by ball weight or participant or score or ball speed. All 

cluster analyses were performed using the R statistical software package (the R Foundation 

for Statistical Computing, Version 3.5). The cluster analysis was performed using the ‘stats’ 

package, more specifically the ‘hclust’ function to measure the hierarchical aggregation of 

the observations, with the Euclidean method as distance dissimilarity measure and Ward 

linkage as aggregation method. Each observation is one trial. After a first visual inspection, 

the number of clusters that best fit the data was determined based on (i) the ratio between the 

inter-cluster distance and intra-cluster distance for a specific number of clusters and (ii) 

visual inspection. An ‘appropriate’ number of clusters was then selected, whereby the highest 

number of clusters that could still present a high ratio between inter-cluster and intra-cluster 
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distance (i.e. very compact clusters but also well separated). Thereafter, the ‘cutree’ function 

was used to assign the corresponding label to each observation so that the trials that made up 

each cluster could be identified by participant and ball weight condition. Subsequently, the 

kinematic variables that made up each cluster within each individual were visualised and 

inspected to determine the mean movement pattern and investigate how the clusters were 

potentially differentiated.  

Table 3.5. Seven normalised time-continuous variables used in cluster analysis. 

List of Cluster Analysis Variables 

1. Trunk Flexion-Extension 

2. Trunk Lateral Flexion 

3. Trunk Internal-External Rotation 

4. Right Shoulder Flexion-Extension 

5. Right Shoulder Abduction-Adduction 

6. Right Elbow Pronation-Supination 

7. Right Wrist Flexion-Extension 
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4. Results 

4.1. Chapter Overview 

 This chapter presents results obtained from 8 participants in this study; 71 NB and 73 

HB trials as some trials were not usable due to errors in data collection and processing. Table 

4.9 includes the breakdown of trials by participant. Appendix F also includes the collated 

responses of the questionnaire that the participants had answered.  

4.2. Performance Outcomes 

Scores and ball speed at release were the performance outcome measurements. The 

correlation test also did not show any correlation between score and ball release speed in both 

NB (r = 0.199, n = 8, p = 0.637) and HB (r = 0.118, n = 8, p = 0.781) conditions (Table 4.1). 

Between the two ball weight conditions, participants scored slightly better with the heavier 

(8.39 ± 0.50) than the normal (8.22 ± 0.80) ball, although this was not significant; t(7) = -

0.439, p = 0.674. Ball release speed of NB (7.90 ± 0.89 m/s) was similar to HB (7.90 ± 0.97 

m/s), thus no significant difference was found between the two ball weights; t(7) = 0.062, p = 

0.953 (Table 4.8).  

Table 4.1. Correlations between performance outcomes. 

      Pearson Correlations 

 Score Ball Speed (m/s)  r Significance (2-tailed) 

NB 8.22 ± 0.80 7.90 ± 0.89  0.199 0.637 

HB 8.39 ± 0.50 7.90 ± 0.97   0.118 0.781 
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4.3. Biomechanical Outcomes 

 Discrete kinematic variables mentioned in Table 3.4 are presented from Tables 4.2 to 

4.6 to provide an overview of the movement outcomes. In general, variability of event onset 

is observed to decrease towards ball release from the standard deviation values (Table 4.2). 

Continuous joint angular kinematics of the trunk, shoulder, elbow, wrist, hip, knee and ankle 

are presented in Figure 4.1 as an overview of the whole bowling movement.  

Pearson product-moment correlations were run to determine the relationship between 

the discrete kinematic variables with ball release speed and score separately for NB and HB 

(Table 4.7). In NB condition, score was positively correlated with ball height at start (r = 

0.658, n = 8, p = 0.076), step 2 duration (r = 0.697, n = 8, p = 0.055), and thorax rotation 

angle at TOS (r = 0.850, n = 8, p = 0.008), while negatively correlated with right knee 

rotation angle at start (r = -0.741, n = 8, p = 0.036), left shoulder abduction-adduction angle 

at BOS (r = -0.742, n = 8, p = 0.035), and right hip rotation angle at TOS (r = -0.707, n = 8, p 

= 0.050). Ball release speed was positively correlated with slide length (r = 0.734, n = 8, p = 

0.038), thorax flexion-extension angle at start (r = 0.720, n = 8, p = 0.044), and thorax lateral 

flexion at TOS (r = 0.740, n = 8, p = 0.036), while negatively correlated with right hip 

rotation angle at start (r = -0.657, n = 8, p = 0.076), left hip abduction-adduction angle at start 

(r = -0.712, n = 8, p = 0.048), right wrist flexion-extension angle at BOS (r = -0.696, n = 8, p 

= 0.055), right elbow pronation-supination angle at TOS (r = -0.799, n = 8, p = 0.017), left 

shoulder rotation angle at TOS (r = -0.748, n = 8, p = 0.033) and BR (r = -0.685, n = 8, p = 

0.061), thorax lateral flexion at BR (r = -0.672, n = 8, p = 0.068), and left knee rotation at BR 

(r = -0.666, n = 8, p = 0.071).  

In the HB condition, score was positively correlated with step 4 duration (r = 0.669, n 

= 8, p = 0.070), left ankle flexion-extension angle at BOS (r = 0.887, n = 8, p = 0.003), right 

shoulder rotation angle at BR (r = 0.741, n = 8, p = 0.003), and right elbow pronation-
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supination angle at BR (r = 0.887, n = 8, p = 0.035), while negatively correlated with step 2 

duration (r = -0.756, n = 8, p = 0.048), right wrist abduction-adduction angle at start (r = -

0.797, n = 8, p = 0.018), right hip abduction-adduction angle at start (r = -0.784, n = 8, p = 

0.021), left shoulder abduction-adduction angle at BR (r = -0.682, n = 8, p = 0.063). Ball 

release speed was positively correlated with slide length (r = 0.785, n = 8, p = 0.021), and 

thorax lateral flexion at TOS (r = 0.661, n = 8, p = 0.074), while negatively correlated with 

left hip abduction-adduction angle at start (r = -0.847, n = 8, p = 0.008), right wrist flexion-

extension angle at BOS (r = -0.661, n = 8, p = 0.074), right elbow pronation-supination angle 

at TOS (r = -0.816, n = 8, p = 0.014), left shoulder rotation angle at TOS (r = -0.708, n = 8, p 

= 0.049) and BR (r = -0.724, n = 8, p = 0.042), and thorax lateral flexion angle at BR (r = -

0.690, n = 8, p = 0.058).  

To investigate the differences between NB and HB conditions, paired sample t-test 

was run (Table 4.8). There were significant differences between the two ball weights in nine 

variables. Step 3 length (t(7) = 2.646, p = 0.033) and duration (t(7) = 3, p = 0.02) were longer 

in NB compared with HB. The right wrist at start was more extended in NB than HB (t(7) = -

2.157, p = 0.068). The left hip at BOS was more adducted in NB than HB (t(7) = -2.233, p = 

0.061). The right ankle at BOS was more flexed in NB than HB (t(7) = 2.44, p = 0.045). The 

left ankle at BOS was less adducted in NB than HB (t(7) = 2.584, p = 0.036). The left 

shoulder at TOS was more internally rotated in NB than HB (t(7) = 2.36, p = 0.05). The left 

knee at TOS was less flexed in NB than HB (t(7) = -2.178, p = 0.066). The left ankle at BR 

was less adducted in NB than HB (t(7) = 2.814, p = 0.026).       
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Table 4.2. Onset of Events. 

    Onset (%time) 

Events  NB HB 

Start  0 ± 0 0 ± 0 

Step2  19.0 ± 4.31 18.7 ± 3.74 

Step3  46.6 ± 4.55 47.0 ± 3.89 

Bottom of Swing (BOS)  61.0 ± 4.72 61.2 ± 4.68 

Step4 
 

66.7 ± 4.76 66.4 ± 4.94 

PowerStep_Start 
 

79.8 ± 2.68 79.8 ± 2.81 

Top of Swing (TOS) 
 

80.2 ± 2.86 80.3 ± 2.68 

Slide_Start 
 

88.9 ± 2.23 88.6 ± 2.26 

PowerStep_End 
 

93.6 ± 1.18 93.6 ± 1.22 

Ball Release (BR) 
 

100 ± 0 100 ± 0 

Slide_End   101.6 ± 2.02 101.7 ± 2.38 

 

Table 4.3. Phase Duration. 

    Duration (%time) 

Events  NB HB 

Step1  19.0 ± 4.31 18.7 ± 3.74 

Step2  27.6 ± 2.60 28.2 ± 2.40 

Step3  20.2 ± 4.44 19.4 ± 4.05 

Step4 
 

13.1 ± 2.99 13.4 ± 2.98 

PowerStep 
 

13.8 ± 2.55 13.9 ± 2.73 

Slide 
 

12.7 ± 1.81 13.0 ± 2.21 

Downswing 
 

61.0 ± 4.72 61.2 ± 4.68 

Backswing 
 

19.2 ± 2.06 19.2 ± 2.25 

Forwardswing   19.8 ± 2.86 19.7 ± 2.68 
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Table 4.4. Step Lengths. 

 

 

Table 4.5. Ball Heights. 

    Ball Height (m) 

Event  NB HB 

Start  0.970 ± 0.09 0.974 ± 0.08 

BOS  0.512 ± 0.07 0.515 ± 0.07 

TOS   1.54 ± 0.12 1.53 ± 0.13 

 

    Length (m) 

Events  NB HB 

Step1  0.451 ± 0.07 0.454 ± 0.06 

Step2  0.627 ± 0.11 0.639 ± 0.09 

Step3*  0.643 ± 0.08 0.609 ± 0.11 

Step4  0.696 ± 0.12 0.714 ± 0.13 

Slide   0.889 ± 0.22 0.918 ± 0.22 

*p < 0.05    
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Table 4.6. Overview of Joint Kinematics at Start, Bottom, Top of Swing and at Ball Release. 

  Angles (°) 

Joint Kinematics 
 Start  BOS  TOS  BR 

 NB HB  NB HB  NB HB  NB HB 

ThoraxFlexExt  10.0 ± 5.60 9.33 ± 5.68  31.7 ± 6.38 29.3 ± 6.03  62.6 ± 17.3 60.8 ± 16.3  41.8 ± 6.07 41.4 ± 5.48 

ThoraxLatFlex  16.6 ± 5.42 16.7 ± 4.97  28.2 ± 6.31 28.8 ± 6.83  23.9 ± 9.23 25.2 ± 8.74  23.2 ± 6.49 22.5 ± 7.02 

ThoraxRot  -15.6 ± 8.36 -15.5 ± 7.19  -26.3 ± 6.6 -26.9 ± 5.82  -44.3 ± 10.7 -43.6 ± 9.85  41.0 ± 9.69 41.2 ± 8.57 

RShldFlexExt  -6.04 ± 10.1 -6.33 ± 9.26  35.0 ± 6.84 34.4 ± 6.73  -63.3 ± 16.3 -63.4 ± 18.4  24.4 ± 10.9 19.9 ± 14.0 

RShldAdAb  -4.98 ± 4.86 -4.90 ± 4.23  -2.55 ± 3.96 -3.22 ± 4.14  -37.7 ± 14.5 -38.1 ± 14.3  -40.8 ± 8.08 -40.8 ± 7.98 

RShldRot  5.33 ± 24.8 3.94 ± 24.3  1.63 ± 22.1 1.72 ± 22.0  -89.4 ± 30.0 -92.0 ± 29.3  14.8 ± 21.2 12.6 ± 20.2 

RElbProSup  135.5 ± 19.2 134.5 ± 19.2  117.8 ± 40.8 118.3 ± 39.4  87.3 ± 30.3 87.4 ± 29.6  123.6 ± 27.2 121.3 ± 25.7 

RElbFlexExt  111.4 ± 10.7 111.5 ± 10.3  12.7 ± 7.55 12.8 ± 7.53  4.81 ± 5.61 4.51 ± 5.98  111.4 ± 10.7 111.5 ± 10.3 

RWristFlexExt  -3.12 ± 12.3 -1.65 ± 12.2  -26.2 ± 7.50 -26.4 ± 7.29  -12.9 ± 10.7 -13.3 ± 10.6  -18.0 ± 5.67 -18.2 ± 5.92 

RWristAdAb  0.20 ± 3.77 -0.18 ± 4.02  6.46 ± 5.40 6.21 ± 5.27  -0.55 ± 5.10 -0.54 ± 4.99  9.25 ± 4.23 8.79 ± 4.24 

LShldFlexExt  3.52 ± 11.2 3.82 ± 10.7  31.6 ± 15.8 30.1 ± 16.4  -19.7 ± 50.6 -18.3 ± 49.4  -15.2 ± 20.8 -10.9 ± 24.1 

LShldAdAb  4.14 ± 7.01 2.99 ± 7.07  23.1 ± 15.8 23.5 ± 17.5  36.4 ± 13.7 37.1 ± 12.9  26.7 ± 14.5 28.1 ± 16.5 

LShldRot  -26.9 ± 21.5 -26.2 ± 22.6  -31.4 ± 15.5 -33.1 ± 17.0  5.71 ± 48.4 2.77 ± 46.9  -2.04 ± 23.9 -3.11 ± 22.6 

RHipFlexExt  19.6 ± 7.64 20.2 ± 7.57  44.1 ± 16.8 44.7 ± 17.5  70.8 ± 10.9 71.5 ± 10.5  15.6 ± 7.80 15.1 ± 6.20 

RHipAdAb  -0.01 ± 3.81 -0.08 ± 4.00  2.76 ± 6.14 2.58 ± 7.46  3.38 ± 6.38 5.53 ± 5.41  2.68 ± 3.59 2.55 ± 5.46 

RHipRot  6.97 ± 12.0 6.89 ± 11.8  16.6 ± 16.6 17.3 ± 15.9  10.2 ± 9.32 10.7 ± 9.73  -6.33 ± 21.1 -5.39 ± 19.5 

LHipFlexExt  27.6 ± 7.46 27.5 ± 7.91  48.9 ± 8.15 48.2 ± 7.4  42.3 ± 21.4 43.5 ± 21.0  82.7 ± 8.38 82.6 ± 7.51 

LHipAdAb  3.41 ± 1.92 2.98 ± 2.57  -1.60 ± 5.45 -0.69 ± 4.98  4.01 ± 9.31 2.98 ± 8.82  18.9 ± 6.10 18.7 ± 5.2 

LHipRot  1.48 ± 20.3 2.02 ± 20.7  -10.6 ± 22.3 -11.1 ± 23.6  -11.8 ± 17.5 -13.2 ± 17.7  -23.5 ± 20.5 -24.2 ± 21.7 

RKneeFlexExt  24.0 ± 8.46 24.7 ± 8.31  47.1 ± 17.8 47.6 ± 18.5  53.1 ± 21.0 53.8 ± 22.2  39.2 ± 9.61 38.1 ± 9.71 

RKneeAdAb  -1.52 ± 8.66 -2.05 ± 8.23  -5.34 ± 9.25 -5.28 ± 8.99  4.73 ± 13.5 4.58 ± 13.3  5.01 ± 9.47 5.24 ± 9.00 

RKneeRot  10.3 ± 5.74 3.83 ± 19.2  14.5 ± 9.21 7.55 ± 18.0  7.44 ± 8.53 -0.07 ± 17.3  1.68 ± 10.6 -4.87 ± 16.7 

LKneeFlexExt  27.0 ± 8.92 27.0 ± 9.02  46.5 ± 23.1 47.4 ± 24.7  54.6 ± 23.3 56.5 ± 23.8  39.6 ± 5.64 39.1 ± 6.73 
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LKneeAdAb  0.14 ± 11.8 0.22 ± 11.6  11.1 ± 19.0 11.2 ± 20.0  6.08 ± 12 6.18 ± 11.4  16.9 ± 11.6 17.1 ± 12 

LKneeRot  -1.35 ± 3.6 0.27 ± 5.56  -7.99 ± 12.0 -5.42 ± 10.8  -8.11 ± 10.0 -6.29 ± 9.93  -8.78 ± 8.72 -7.6 ± 9.91 

RAnkleFlexExt  13.5 ± 3.9 13.8 ± 3.36  14.6 ± 10.2 13.3 ± 10.1  17.7 ± 11.9 18.4 ± 12.3  -4.63 ± 17.1 -6.88 ± 15.6 

RAnkleAdAb  -8.1 ± 2.81 -6.76 ± 5.19  -2.83 ± 4.36 -0.44 ± 5.75  -7.40 ± 9.01 -4.46 ± 8.95  10.7 ± 17.2 13.9 ± 17.0 

RAnkleRot  -14.5 ± 9.08 -8.32 ± 18.3  -14.2 ± 12.3 -8.69 ± 19.0  -11.7 ± 8.21 -4.94 ± 16.9  -9.19 ± 14.2 -1.67 ± 19.4 

LAnkleFlexExt  9.91 ± 4.16 9.77 ± 4.43  9.29 ± 7.32 8.72 ± 5.82  19.5 ± 11.8 18.0 ± 13.3  -1.21 ± 6.73 -2.50 ± 7.24 

LAnkleAdAb  -1.02 ± 5.99 -1.2 ± 5.67  -3.07 ± 10.2 -3.93 ± 10.5  -2.59 ± 12.1 -2.45 ± 12.1  -11.6 ± 3.73 -12.5 ± 4.10 

LAnkleRot  -2.17 ± 22.8 -3.35 ± 21.5  -3.08 ± 20.3 -4.57 ± 19.7  0.01 ± 18.7 -0.64 ± 18.1  0.81 ± 20.6 -0.60 ± 20.6 
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Table 4.7. Correlation Results. 

  NB   HB 

       r p      r p 

  General 

Score 

 Step 2 Duration 27.6 ± 2.60 0.697 0.055  Step 2 Duration* 28.2 ± 2.40 -0.756 0.048 

          Step 4 Duration 13.4 ± 2.98 0.669 0.07 

Ball 

Release 

Speed 

 Slide Length* 0.889 ± 0.22 0.734 0.038  Slide Length* 0.918 ± 0.22 0.785 0.021 

                    
  Start 

Score 

 Ball Height 0.970 ± 0.09 0.658 0.076  RWristAdAb* -0.18 ± 4.02 -0.797 0.018 

 RKneeRot* 10.3 ± 5.74 -0.741 0.036  RHipAdAb* -0.08 ± 4.00 -0.784 0.021 

Ball 

Release 

Speed 

 ThoraxFlexExt* 10.0 ± 5.60 0.72 0.044  LHipAdAb* 2.98 ± 2.57 -0.847 0.008 

 RHipRot 6.97 ± 12.0 -0.657 0.076      

 LHipAdAb* 3.41 ± 1.92 -0.712 0.048          

           

  BOS 

Score  LShldAdAb* 23.1 ± 15.8 -0.742 0.035   LAnkleFlexExt* 8.72 ± 5.82 0.887 0.003 

Ball 

Release 

Speed 

 RWristFlexExt -26.2 ± 7.50 -0.696 0.055  RWristFlexExt -26.4 ± 7.29 -0.661 0.074 

                    

  TOS 

Score 

 ThoraxRot* -44.3 ± 10.7 0.85 0.008      

 RHipRot* 10.2 ± 9.32 -0.707 0.05          

Ball 

Release 

Speed 

 ThoraxLatFlex* 23.9 ± 9.23 0.74 0.036  ThoraxLatFlex 25.2 ± 8.74 0.661 0.074 

 RElbProSup* 87.3 ± 30.3 -0.799 0.017  RElbProSup* 87.4 ± 29.6 -0.816 0.014 

 LShldRot* 5.71 ± 48.4 -0.748 0.033  LShldRot* 37.1 ± 12.9 -0.708 0.049 

                    

  BR 

Score 

      RShlderRot* 12.6 ± 20.2 0.741 0.003 

      RElbProSup* 121.3 ± 25.7 0.887 0.035 

          LShldAdAb 28.1 ± 16.5 -0.682 0.063 

Ball 

Release 

Speed 

 LShldRot 26.7 ± 14.5 -0.685 0.061  LShldRot* -3.11 ± 22.6 -0.724 0.042 

 ThoraxLatFlex 23.2 ± 6.49 -0.672 0.068  ThoraxLatFlex 22.5 ± 7.02 -0.69 0.058 

  LKneeRot -8.78 ± 8.72 -0.666 0.071           

*p ≤ 0.05 
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Table 4.8. Paired Samples t-test Results. 

    NB HB t p 
% difference 

(NB - HB) 

General       

Step 3 Length (m) *  0.643 ± 0.08 0.609 ± 0.11 2.646 0.033 5% 

Step 3 Duration (%) *  20.2 ± 4.44 19.4 ± 4.05 3 0.02 4% 

Start       

RWristFlexExt (°)  -3.12 ± 12.3 -1.65 ± 12.2 -2.157 0.068 47% 

BOS       

LHipAdAb (°)  -1.60 ± 5.45 -0.69 ± 4.98 -2.233 0.061 57% 

RAnkleFlexExt (°) *  14.6 ± 10.2 13.3 ± 10.1 2.44 0.045 9% 

LAnkleAdAb (°) *  -3.07 ± 10.2 -3.93 ± 10.5 2.584 0.036 -28% 

TOS       

LShldRot (°) *  5.71 ± 48.4 2.77 ± 46.9 2.36 0.05 51% 

LKneeFlexExt (°)  54.6 ± 23.3 56.5 ± 23.8 -2.178 0.066 -3% 

BR       

LAnkleAdAb (°) *   -2.59 ± 12.1 -2.45 ± 12.1 2.814 0.026 5% 

*p ≤ 0.05
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 NB HB Shaded regions represent SD while naming order of movement planes correspond with the values i.e. 

flexion extension = postive values correspond with flexion and negative values correspond with extension 
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 NB HB Shaded regions represent SD while naming order of movement planes correspond with the values i.e. 

flexion extension = postive values correspond with flexion and negative values correspond with extension 
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Figure 4.1.7 Figure 4.1.8 Figure 4.1.9 
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 NB HB Shaded regions represent SD while naming order of movement planes correspond with the values i.e. 

flexion extension = postive values correspond with flexion and negative values correspond with extension 
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 NB HB Shaded regions represent SD while naming order of movement planes correspond with the values i.e. flexion 

extension = postive values correspond with flexion and negative values correspond with extension 
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 NB HB 
Shaded regions represent SD while naming order of movement planes correspond with the values i.e. flexion 

extension = postive values correspond with flexion and negative values correspond with extension 
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Figure 4.1. Overview of the Time-Continuous Joint Angle Kinematics. 
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4.4. Cluster Analysis 

A global cluster analysis that included seven time-normalised joint angular positions 

(Table 3.5) from every trial was performed, to gain an understanding of participants’ 

movement patterns and its variability in relation to ball weight. There were 2 major clusters at 

cut-off height of approximately 8000 before deriving 8 clusters through visual inspection and 

maintaining a high inter- and intra-cluster distance ratio (Figure 4.2).  

 

Figure 4.2. Grouped Cluster Analysis Results. 

Participants 2-5 made up the first major cluster A, while participants 1, 6-8 made up 

the second major cluster B. When the performance outcomes (Figure 4.3) and joint angles 

(Figure 4.4) were plotted, possible differentiating factors include lower score and ball release 

speed in major cluster B and clearer differences in right shoulder flexion-extension and right 

elbow supination-pronation angles.  
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Figure 4.3. Major Clusters A and B Performance Outcomes. 

 

Figure 4.4 7 Kinematic Variables across the Bowling Movement of Major Clusters A (n=68) and B (n=78)  
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The 8 clusters at the end of the global dendrogram were differentiated according to 

each participant. Hence an individual clustering was performed to give further resolution into 

each participant’s movement pattern. Figure 4.5 shows each participant’s cluster analysis 

results. Participant 1, 2 and 8 had clusters made up of 1 trial that upon visual inspection, were 

outliers based on extreme peaks in more than 3 out of the 7 input variables. These outliers 

were removed, resulting in 2 participants with 3 clusters and 6 participants with 2 clusters. To 

gain further resolution on how these clusters were differentiated, each participant’s input 

variables were analysed alongside the performance outcomes and trials distribution (Table 

4.9).  

Table 4.9. Breakdown of Individual Cluster Analysis Results. 

Participant Cluster 
Name of 

Clusters 

Number of 

NB Trials 

Number of 

HB Trials 

Score  

(out of 10) 

Ball Release 

Speed (m/s) 

1 

1 P1.C1 6 4 7.90 8.34 

2 P1.C2 3 0 9.67 8.33 

3 P1.C3 0 5 8.60 8.35 

2 
1 P2.C1 3 9 8.00 8.80 

2 P2.C2 6 0 8.83 8.61 

3 

1 P3.C1 9 1 8.70 8.77 

2 P3.C2 1 5 9.00 8.82 

3 P3.C3 0 4 8.25 8.91 

4 
1 P4.C1 4 2 8.00 8.57 

2 P4.C2 0 3 9.00 8.47 

5 
1 P5.C1 7 2 9.00 8.34 

2 P5.C2 3 8 7.55 8.33 

6 
1 P6.C1 8 10 7.61 6.66 

2 P6.C2 2 0 8.00 6.78 

7 
1 P7.C1 5 9 8.86 6.54 

2 P7.C2 5 1 9.17 6.60 

8 
1 P8.C1 4 4 7.50 7.19 

2 P8.C2 5 5 8.10 7.25 
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Participant 1 Participant 2 Participant 3 Participant 4 

    

Participant 5 Participant 6 Participant 7 Participant 8 

Figure 4.5. Number of Clusters and Trials in each Cluster for each Participant. 
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Investigating the effect of ball weight on movement pattern and variability is one of 

the main objectives of this research, hence the percentage distribution of NB and HB trials in 

each cluster for each participant was graphed (Figure 4.6). Two participants; P6 and P8 were 

not clearly differentiated by ball weight, while the remaining six may have movement 

patterns clusters associated with the change in ball weight. The following paragraphs will 

describe the potential areas where the clusters are differentiated for each participant.  

 

Figure 4.6. Individual Percentage Distribution of NB and HB Trials. 

Participant 1 had 3 clusters where P1.C1 includes more NB than HB trials, P1.C2 and 

P1.C3 are made up of NB and HB trials respectively; with P1.C2 potentially being a more 

optimal movement pattern due to its high average score of 9.67 pin falls (Table 4.9). In these 

HB (P1.C3) trials compared to NB (P1.C2), time to peak angles occurred earlier, trunk was 

more flexed in the downswing phase before being less flexed both anteriorly and laterally 

from backswing phase onwards, right shoulder was more flexed until downswing phase, right 

wrist was less flexed and more extended when entering the backswing phase (Figure 4.7).  

Participant 2 demonstrated clearer differences between NB (P2.C2) and HB (P2.C1) in 

the trunk and shoulder variables until approximately onset of backswing phase (58.0% ± 
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0.47). There was less trunk anterior flexion and external rotation with more lateral flexion, 

while shoulder was less flexed and adducted when bowling with the HB vs NB (Figure 4.8).  

Participant 3 had more variation between clusters in most variables until approximately 

onset of forward swing phase (83.0% ± 0.92); these variations could be either timing or 

magnitude based (Figure 4.10). Time to peak angles happened earlier in the movement for 

HB (P3.C2 and P3.C3) compared with NB (P3.C1); NB with clearer delay in the distal joints 

i.e. elbow and wrist. The trunk was more laterally flexed and less externally rotated, right 

elbow more pronated and wrist more flexed in the downswing phase and less extended when 

entering the backswing phase with HB trials.  

Participant 4 had 2 clusters that are quite distinct from each other, but may not 

necessarily represent movement patterns associated with ball weight as P4.C1 has 2 HB and 4 

NB trials while P4.C2 has only 3 HB trials (Figure 4.10). Regardless assuming that P4.C2 

represents HB movement pattern, the time to peak angles happened later with clearer delay in 

the shoulder, elbow and wrist joints. Generally in HB (P4.C2) trials, there were less trunk 

anterior and lateral flexion, higher peak shoulder flexion and extension angles, and more 

wrist flexion and extension range especially during the downswing phase.  

Participant 5; similar to P3, had more variation between clusters until the onset of 

forward swing phase (78.9% ± 0.79). Time to peak angles happened later especially in the 

shoulder joint when bowling HB (P5.C2) vs NB (P5.C1). Trunk, elbow and wrist movement 

differed minimally between the 2 clusters (Figure 4.11). Right shoulder was slightly more 

extended at the start and less flexed when going through the downswing phase. During the 

backswing phase, the right shoulder was also slightly less adducted.   

Participant 6 may be the participant with the most consistent bowling movement pattern 

as there were 18 trials in P6.C1 (Figure 4.12). Clear differences in trunk and shoulder 
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movement in the downswing phase likely differentiated the 2 clusters, but these may not have 

any link to performance outcomes.   

Participant 7 had 2 clusters that may potentially be associated with the ball weight as 

while P7.C1 may have all but 1 HB trial, the NB trials are split equally between the 2 clusters 

(Figure 4.13). Regardless assuming that P7.C1 represents HB movement pattern, time to peak 

angles happened later. The trunk reached higher peak flexion, was more laterally flexed 

during the backswing phase, and less externally rotated. Peak right shoulder flexion and 

extension were smaller.  

Participant 8 had 2 clusters that are evenly distributed in NB and HB trials, with no 

clear distinction in performance outcomes too (Figure 4.14). The 2 clusters are generally 

similar, with perhaps more distinct differences in terms of timing at the distal joints.  
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Figure 4.7 P1: Cluster comparison of 7 kinematic variables across the bowling movement (P1.C1 = 10, P1.C2 = 3, P1.C3 = 5)
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Figure 4.8. P2: Cluster comparison of 7 kinematic variables across the bowling movement (P2.C1 = 12, P2.C2 = 6) 
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Figure 4.9. P3: Cluster comparison of 7 kinematic variables across the bowling movement (P3.C1 = 10, P3.C2 = 6, P3.C3 = 4) 
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Figure 4.10. P4: Cluster comparison of 7 kinematic variables across the bowling movement (P4.C1 = 6, P4.C2 = 3) 
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Figure 4.11. P5: Cluster comparison of 7 kinematic variables across the bowling movement (P5.C1 = 9, P5.C2 = 11) 
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Figure 4.12. P6: Cluster comparison of 7 kinematic variables across the bowling movement (P6.C1 = 18, P6.C2 = 2) 
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Figure 4.13. P7: Cluster comparison of 7 kinematic variables across the bowling movement (P7.C1 = 14, P7.C2 = 6) 
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Figure 4.14. P8: Cluster comparison of 7 kinematic variables across the bowling movement (P8.C1 = 8, P8.C2 = 10) 
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5. Discussion 

5.1 Chapter Overview 

This chapter discusses the results presented in Chapter 4 in relation to the aims 

proposed in Chapter 1.5. To reiterate, the aims were to (i) profile the ten-pin bowling 

movement from the biomechanical approach by identifying the relevant time-discrete 

variables that correlate to performance outcomes, (ii) profile the movement from the motor 

control approach by investigating the movement pattern consistency of every participant 

through time-continuous angular joint kinematics, and (iii) investigate the differences in 

performance outcomes and movement execution with two approaches when the ball weight 

increased as a change in task constraint. This chapter will start by presenting the breakdown 

of the bowling movement in its three phases, before subsequent sections are structured 

according to the aims, where results pertinent to each aim will be discussed. Thereafter, the 

results are discussed together to show the relevance of an integrated approach in profiling the 

ten-pin bowling movement.  Finally, a summary to synthesize the discussion in relation to the 

significance of the study highlighted in Chapter 1.6 is presented.  

5.2 Overview of Ten-Pin Bowling Movement  

The ten-pin bowling movement was broken down into three phases based on the arm 

swing; (i) downswing (ii) backswing and (iii) forwardswing. As the right-handed bowlers 

started moving off with their left foot, the downswing phase begins. The purpose of the 

downswing is to begin the arm swing in good timing relative to the steps and in establishing 

the starting point of the ball’s arc (USBC, 2013). The 3rd step had started before the bowlers 

brought the ball to the BOS, ending the downswing phase at 61%. Based on the right upper 

limb time-motion graphs (Figure 4.2), the arm swing began approximately 40% into the 

movement after the second step started and before the third step, when the right shoulder 

started going into flexion, while right elbow and wrist moved towards extension; reflective of 
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the pushaway technique where the ball ideally is extended outward and parallel to the lane 

that typically starts after the second step (USBC, 2013). Hence, the kinematic data affirms the 

nature of the movement from coaching literature. At approximately the same time that the 

right shoulder started going into flexion, the left shoulder started to internally rotate.  

As the bowler approaches BOS, the trunk gets more laterally flexed, right shoulder 

reaches maximum flexion and wrist reaches its maximum extension. Backswing phase then 

commenced when bowlers started pulling the ball back. The 4th step was initiated followed by 

the power step right before TOS at 80% of the movement. The objective of the backswing 

phase is to pull the ball back towards peak ball height to generate torque to achieve as high a 

potential energy as possible without compromising on the timing of steps and alignment of 

body posture. To pull the ball back, the trunk continues to flex as it externally rotates, while 

the right shoulder extends, abducts and externally rotates while the left shoulder increasingly 

abducts to provide a counterbalance anterior and inferiorly as the ball ascends, the right 

elbow reaches minimum flexion and pronation, and wrist gets less extended and adducted.  

As the forward swing starts, the slide occurred first before the bowlers ended the power 

step by pushing their right foot off the ground, leading on to ball release. The forwardswing 

phase in the last 20% of the movement, aims to transfer that potential energy from the 

backswing to kinetic energy through the forward swing in coordination with the slide to 

achieve the most optimal ball release velocity and spin without compromising on accuracy 

and form to ensure strikes are achieved. The trunk internally rotates and continues to flex 

laterally when forwardswing starts, but upon slide onset the trunk moves towards a more 

extended and upright position. As the bowlers slide, the left shoulder moves towards flexion 

and adduction, left hip maintains its flexed position while continually adducting and 

externally rotating, left knee continually extends and externally rotates while in an adducted 

position, and the left ankle gradually abducts. These indicate a counter rotation movement, 
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which could form a cooperative force-couple; similar to the non-bowling arm and front leg 

action in cricket fast bowling (Glazier & Wheat, 2014). It could facilitate the trunk rotational 

movement by providing an effective lever for the body to rotate about (Glazier & Wheat, 

2014), thereby increasing angular velocities of the right arm. Towards BR, the elbow 

pronated rapidly and the wrist flexes to impart spin to the ball. 

5.3 Biomechanical Approach – Correlation to Performance Outcomes (First Aim) 

The two performance outcomes; ball release speed and score, did not correlate to each 

other, despite previous research that had found a strong correlation between score and ball 

release speed (Razman et al., 2008). Score was measured differently in past studies, where 

researchers used past game scores; out of 300 (Razman et al., 2008, 2011), whereas this study 

measured score per trial by number of pin-falls due to single frame shots. This could 

potentially explain why score did not correlate to ball release speed.  

Regardless, the hypothesis that score outcome and ball release speed would correlate 

well with some spatio-temporal and angular joint kinematic variables was true. There were 

common variables in both NB and HB conditions that correlated with ball release speed but 

not score. The ability to manipulate ball release speed is critical to adjust to different lane 

conditions (Wilson et al., 2010), hence a more in-depth discussion on the correlated variables 

will be covered in the next section. Thereafter, variables that correlated to score will be 

discussed.  

5.3.1. Ball Release Speed. 

Past bowling research had found maximising ball height at TOS, and increasing 

shoulder speed at the start of the slide to increase ball release speed (Wilson et al., 2010), but 

suggested that investigation of other means especially in the forwardswing and trunk rotation 

during the slide to be important. This research did not find a correlation between ball height 

with ball release speed, instead slide length was positively correlated with ball release speed, 
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indicating that the longer the slide length, the faster the ball release speed for both ball 

weights. Previous research did not examine slide length specifically but had found higher 

variability of the anterior-posterior position of the sliding foot to be related to higher ball 

release velocity (Razman et al., 2008). It was explained that bowlers preferred to move at 

faster speeds to achieve higher momentum, and this would invariably cause adjustment to 

their anterior-posterior foot position to avoid crossing the foul-line. In this case, slide 

duration was not correlated with ball release speed. Without a shorter slide duration resulting 

in faster slide velocity that could transfer more momentum to the ball (Razman et al., 2011), 

it can be difficult to understand why a longer slide length positively correlated with ball 

release speed. However, coaching resources suggested that longer slide distances allow the 

slide foot to move in front of the knee for a spring like action when the slide stops, provided 

that the ball also reaches the ankle of the slide foot at the same time to transfer the full 

amount of energy to the ball (Slowinski, 2018). But the bowlers in this study only stopped 

their slide after ball release, meaning the timing of their ball swing to slide did not correspond 

to the coaching suggestion. Yet interestingly, the longer slide length significantly correlated 

with ball release speed. In order to increase slide length, the momentum from preceding steps 

needs to be greater too (Slowinski, 2018), thus this momentum could have carried onwards to 

ball release, leading to faster release speed regardless of the timing of the ball swing to slide. 

Potentially, the ball release speed could be greater if the timing was right. Nonetheless, a 

longer slide might allow the bowlers more time to generate speed provided that they are 

balanced during the slide (Slowinski, 2018). Other correlated variables in the forwardswing 

and BR phases seemed to relate to better postural control (explained in detail later) too, which 

might have worked together with a longer slide length to correlate to faster ball speed. 

At the start of the movement, the results suggest that a stable posture is important in 

generating ball release speed as the left hip adduction angle was negatively correlated with 
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ball release speed for both ball weights, while thorax flexion angle was also positively 

correlated for NB. If the left hip was less adducted i.e. more abducted, and the thorax more 

flexed, the resultant posture could be one that seemed more compact, allowing a more stable 

and balanced start which can help in controlling the timing of the arm swing relative to the 

steps which are important in the downswing phase (USBC, 2013). Previous research had 

looked at adjusting the ball height at start but without any significant contribution in affecting 

ball height at TOS (Wilson et al., 2010). Hence, perhaps a stable starting posture could be 

fresh information to take note when bowlers are preparing to bowl.   

By the time the bowlers had reached BOS, they were to transit into the backswing 

phase to pull the ball back to generate torque for higher potential energy. At this point in 

time, the correlation result suggested that the more extended the wrist is at BOS, the faster the 

ball release speed; although this was only close to significance for both ball weights. A more 

extended wrist may indicate that the wrist extensors were activated prior to backswing phase 

to initiate the pull. However, it could be argued that the coaching recommendation is to have 

a firm wrist and allow the swing to come from the shoulder instead (USBC, 2013). This 

means that a more extended wrist is not the most optimal. Regardless, this is only positional 

data and more information could provide a better resolution which is not available as there 

was no other variables that correlated to ball release speed at BOS.  

When bowlers reached TOS and about to enter the forwardswing phase, three 

variables correlated with ball release speed for both ball weights; the highest number of 

variables that preceded the start of a phase. This is in line with the coaching and research 

literature that emphasises peak ball height i.e. TOS (Chu et al., 2002; Wilson et al., 2010). A 

more laterally flexed thorax with greater right elbow pronation (ball side) and less left 

shoulder internal rotation (non-ball side) correlated with faster ball release speed. These 

suggest that a more balanced posture from the three segments can potentially contribute to 
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faster ball release speed. A more lateral flexed thorax brings the centre of mass downwards 

(distally) on the bowling side that could potentially provide more stability, while the less 

internally rotated left shoulder i.e. more neutral shoulder position allows the left arm or non-

ball side to provide a more natural counter-balance when the ball is at its peak height at TOS 

for better overall balance (USBC, 2013). A more pronated right elbow means the forearm is 

in a more neutral position that could allow the hand behind the ball to have better grip. While 

these variables were found to correlate with faster ball release speed, past research into 

cricket fast bowling did report higher injury risk from increased thorax lateral flexion at ball 

release due to the torsional stress on the lumbar spine (Bayne, Elliott, Campbell & Alderson, 

2016), whereby senior bowlers were more likely to suffer lower back injuries when higher 

ranges and rates of lumbo-pelvic motion in the lateral flexion axis were recorded (Portus, 

Galloway, Elliott, & Llyod, 2007). Hence, it is important to take note of the range of lumbo-

pelvic motion while training too to minimise injury risk. Contrary, a more externally rotated 

trunk was not related to the production of faster ball release speed despite past research on 

cricket fast bowling that found counter-rotating the thorax to a more side-on position allow a 

larger arc leading up to ball release (Glazier & Wheat, 2014). The same authors did highlight 

that maximum pelvis-thorax separation angle and velocity were not correlated to ball release 

speed but instead with acceleration. While this could not be corroborated with the current 

study as acceleration data was not included, future research could look into this.  

Staying balanced during BR is important to allow the bowler to have the ability to 

release the ball in an optimal way for the particular scenario i.e. lane and pin configuration. 

At BR, left shoulder internal rotation and thorax lateral flexion were negatively correlated 

with ball release speed for both ball weights, although only left shoulder internal rotation was 

significant for HB while the rest were close to significance with strong correlation values. 

The results suggest the importance of the arm on the non-ball side in generating higher ball 
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release speed, as it helps in counter-balancing the weight and force of the ball on the ball side 

as it is about to be released. No other literature on bowling had investigated the non-ball side, 

although coaching resources did state its importance (see USBC, 2013). Thus, the results 

from the correlation analysis could mean that there is value in looking deeper into the non-

ball side in future studies.  

Overall through the three phases, there seems to be more emphasis on the thorax and 

upper limb than lower limb joints in correlation to ball release speed. Although the timing 

onsets of events (e.g. start of each step) were included in the correlation analysis, none of the 

variables were correlated with ball release speed, despite past research calling for the 

investigation of timing of body actions to increase ball release speed (Wilson et al., 2010) and 

the importance of timing mentioned in coaching literature (USBC, 2013). This also supports 

a previous research which found that temporal characteristics of the arm swing were not 

major determinants of playing level and bowling performance, nor a consistent execution 

time in the final delivery phase (Razman at al., 2011). This is also reflected in the correlation 

results with score, which will be elaborated in the next sub-section.  

5.3.2 Score 

The correlation results for score differed from ball release speed, which is interesting 

since past research had found correlation between score and ball release speed, and thus 

similar factors that affect ball release speed could also correlate with score (Razman et al., 

2008; Wilson et al., 2010). Nevertheless, Razman et al. (2008, 2011) also found differing 

correlation results between bowling average score and ball release velocity. Lower variability 

in medial-lateral position of the front foot prior to the slide correlated with better bowling 

scores but not ball speed (Razman et al., 2008), while faster slide time led to higher ball 

speed but not better score, and no other temporal aspects affected the score (Razman et al., 

2011). With reference to this study, there was also no temporal variables that correlated to 
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better score. Moreover, there was also fewer similar variables across both ball weights that 

correlated with score.  

Step 2 duration was the only variable that was found across both ball weights, but it 

was only close to significance for NB and also in the opposite correlation direction from HB. 

The shorter the duration of step 2 when bowling with HB, the higher the score. Step 2 was the 

step with the longest duration and it occurred during the downswing phase; whose objective 

was to begin the arm swing in good timing relative to the steps (USBC, 2013), of which 

based on the upper limb time-motion graphs (Figure 4.2), the arm swing had started after step 

2 and before Step 3. Thus, the duration could likely affect the timing of the arm swing. It is 

however, unclear why the results differed for each ball weight without the inclusion of 

significant findings especially with regards to the onset of events and phases from which 

timing inferences could be made.  

The correlation results from the start of the movement also did not offer any 

explanation, whereby better score was negatively correlated with right knee internal rotation 

for NB, right wrist and hip abduction angles for HB. Similar to results for ball release speed, 

these suggest more stability and control at the particular joints. For example, when bowling 

with NB, the right knee while internally rotated (10.3° ± 5.74) could afford to go into a more 

neutral position at stance. When bowling with HB, a more abducted hip and wrist on the ball 

side could help to support the HB. These factors that potentially aid stability and balance can 

subsequently help in the timing of the arm swing and steps in the downswing phase. The 

correlation results at BOS and TOS also suggest better balance and control with the joints 

involved in the non-ball side and trunk region respectively.  

Conversely at BR, the right shoulder and elbow; joints on the ball side, were 

correlated to score when bowling with HB. A more internally rotated right shoulder and a 

more pronated forearm correlated with higher score, possibly because these joints affect how 
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the ball would be released i.e. spin and force application direction and subsequently its path 

towards the pins. It was interesting to note that there were no significant variables that 

correlated with score when bowling with NB.  

5.3.3 Summary of Biomechanical Approach – Correlation to Performance 

Outcomes (First Aim) 

The correlation results showed that ball release speed and score were correlated to 

different variables. This could be because of the underlying objectives of these two 

performance outcomes are different. Ball release speed could be more about force production 

of which the results indicated postures that suggest better stability and balance from which 

more force could be potentially generated. Moreover, there were common variables across 

both ball weights that could potentially form an insight into the core strategy in producing 

higher ball release speed. Score could be more about accuracy of which the results, especially 

at ball release indicated the relevance of the joints that controlled the ball path.  

While the variables for these two performance outcomes were different, they were 

mostly joint angular data which provided an idea into the posture that preceded each phase in 

the bowling movement but not the timing of each event. Perhaps a clearer idea of the 

variables that lead to the performance outcomes could be gleaned when velocity, acceleration 

and variability are added in future studies. Alternatively, the next section will explain how the 

motor control approach could also afford another perspective in understanding the ten-pin 

bowling movement beyond performance outcomes. 

5.4 Motor Control Approach – Cluster Analysis: Inter and Intra-Individual Movement 

Pattern Consistency (Second Aim)  

The second aim was to profile the ten-pin bowling movement of developmental 

bowlers by investigating the movement pattern consistency of every participant through time-

continuous angular joint kinematics; as while the sport of ten-pin bowling may be a target-
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based sport, the constraints may change after every bowl. The hypothesis that cluster analysis 

could identify groupings that would indicate less intra-individual variability but more inter-

individual variability was true as the global analysis saw 8 clusters clearly differentiated by 

participants and the intra-individual analysis saw clusters divided into 2-3 clusters per 

participant. 

5.4.1 Global (Inter-Individual) Analysis 

The global cluster analysis results clearly show that each participant’s ten-pin bowling 

movement pattern differed from one another. These individual variations in movement 

patterns in achieving the same outcome goal were documented across a few sports; hockey 

drive (Brétigny et al., 2011), handball throw (Schorer et al., 2007), javelin throws (Bartlett et 

al., 2007), soccer chip (Chow et al., 2005), long jump (Jaitner et al., 2001). Reasons for this 

observation could be linked back to ecological dynamics, where the relationship between the 

individual and environment be the basis of the analysis. Even though the task and 

environment were similar for every participant, each had perceived their affordances 

differently as affordances are specific to the participant’s own action-capabilities (Seifert, 

Komar, Araújo, & Davids, 2016). Therefore, these individualised movement patterns are 

results of each individual’s actualisation of their affordances i.e. physical and technical 

abilities, reflecting the system degeneracy present in neurobiological systems when 

performing complex multi-articular task (Seifert et al., 2016). This highlights the need for 

intra-individual analysis to gain a better understanding of the sport. In addition, this finding 

also supports calls to move towards more holistic research methodologies in movement 

science to complement traditional approaches by involving more disciplines and include 

more intra-individual and study designs (Bartlett et al., 2007; Komar et al., 2015).  
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5.4.2 Intra-Individual Analysis 

Each bowler had 2-3 types of movement patterns and each pattern was not 

differentiated on performance outcomes. This suggests that each bowler had at least 2 

movement strategies to achieve similar performance outcomes; and how each cluster was 

differentiated was not the same for every bowler. Degeneracy is thus exemplified here as the 

bowlers were able to vary their motor behaviour without compromising on function (Seifert 

et al., 2013). The degeneracy is most obvious in the downswing and backswing phases where 

variability is more readily observed in terms of timing and magnitude between clusters of 

individual bowlers. In the forwardswing phase, differences between clusters were minimal, 

suggesting a certain form of consistency in that final phase for each bowler before ball 

release. A decrease in variability of the onset of later events was also observed (Table 4.1). 

This descending trend in variability was previously found in long jump (Scott et al., 1997) 

and cricket run-up (Renshaw & Davids, 2004) although they were more related to step length 

variability. Continuous perception-action coupling to visually regulate the run-ups was used 

to explain the findings which could be applicable in ten-pin bowling since ten-pin bowlers 

were found to move their gaze from the pins to the foul line as they approached ball release 

(Goh et al., 2018). Besides visual regulation, it is possible that the task constraints within 

each phase afforded the participants certain movement boundaries. Downswing and 

backswing phases allow more room for adjustment due to its longer duration and more 

complex movements, such that one still has the control or ability to adjust the technique. 

Hence, timing and magnitude differences could be observed. Whereas in the forward swing, 

it is difficult to adjust the swing once it accelerates forward together with the ball momentum, 

thus a more stable or consistent movement pattern between ball weights was observed. To 

better understand the observed differences, the cluster distribution is important which would 
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be elaborated in section 5.5 as there is a possibility that ball weight was a factor in the 

distribution.   

5.5 Ball Weight Effect – Integrated Approach (Third Aim)  

The progression to a HB is one that every competitive bowler will undergo as 

assuming one is able to impart the same acceleration or velocity to both NB and HB at 

release, the HB will be able to hit the pins with greater force and momentum, increasing the 

possibility of a strike. There is still however, little consensus on how this transition should 

take place, especially at the initial early stages as injury risks could be higher with throwing a 

less familiar ball weight repeatedly. Hence, the third aim of this study was to understand this 

transition better by investigating, whether differences in performance outcomes and 

movement execution occurred when ball weight increased as a change in task constraint.  

The hypothesis that the participants would score lower and bowl slower with the HB 

was not supported as performance outcomes were similar across both ball weights. 

Considering that the ball weight increment is 0.45kg; a relatively large weight compared with 

other common sport implements (Schorah et al., 2012), it was expected that ball release speed 

would differ based on similar studies done in baseball pitching (Fleisig et al., 2006, 2016) and 

handball throwing (van der Tillaar & Ettema, 2011). However, club-head speeds also did not 

differ between clubs of different mass (Haeufle et al., 2012; Joyce et al., 2013, 2016) of 

which the explanation is unknown but was speculated that that the golfers could have swung 

the heavier club harder by applying more muscular force through slower muscle contractions 

such that higher torques could have offset the larger club inertia (Haeufle et al., 2012). This 

could also be the case in this study where the bowlers had adjusted their movement in 

response to the increased ball weight. These adjustments would be highlighted in the next 

two sub-sections.   

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



PROFILING THE TEN-PIN BOWLING MOVEMENT

 

  

106 

 

The hypothesis that there would be both time-discrete and time-continuous kinematic 

variables that differentiate the two ball weight conditions was supported but the hypothesis 

that these variables are similar across the two approaches was not supported as most of the 

significant paired t-test variables were on the non-ball side, whereas the cluster analysis 

included variables on the ball side. 

5.5.1 Paired Samples t-test  

Nine variables across the bowling movement differentiated the two ball weight 

conditions, and these were mostly lower limb variables. Regardless, the variables made sense 

when seen in relation to the movement phase.  

Participants held onto the HB with a less extended right wrist (closer to neutral 

position) when they were just about to start bowling. Even though the absolute difference was 

within 2° and it was close to significance, this data suggests that the bowlers held the HB 

with a straighter and firmer wrist than with the NB. This wrist posture is recommended as it 

could minimise the wrist position collapsing as the ball is moved out (USBC, 2013). Together 

with a more abducted wrist that correlated with better score, the bowlers seemed to be more 

cognisant of supporting the HB well than with the NB as they prepared to start the 

movement.  

In the third step during downswing phase, the bowlers shortened the length and 

quickened the duration when bowling with the HB compared with NB. The score correlation 

results also suggest for a shorter second step but a longer fourth step. The timing of the steps 

and swing is closely linked (Jasnau, 2013), hence a change in the third step without 

corresponding changes in the swing does not allow one to make informed inferences on the 

reasons behind the faster third step. However, it is believed that faster footwork can increase 

forward momentum which is a more efficient way to produce firm ball speed (Bowling This 

Month, 2013). Since the ball speed was not any different, the faster third step could be an 
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area where the bowlers were not used to as they transit into bowling with the HB, such that 

they rushed into the fourth step. This could be something that coaches take note of during 

training when bowlers are transiting, which is possible by putting tapes on where the steps 

landed and tracking these landings.   

At BOS when bowlers were about to pull the ball back into the backswing phase, it 

could be possible that the differences found in the lower body of left hip and ankles were a 

result of the ball weight. The left hip and ankle were more abducted with HB which could be 

an adjustment to counter-balance the HB at BOS by shifting the centre of mass slightly to the 

left with the left leg. When the ball gets to TOS, the left shoulder played a similar counter-

balancing role by internally rotating less (towards neutral); which coincides with the ball 

release speed correlation result. By the time the ball is released, the left ankle adduction angle 

again differentiated the two ball weights. This time round, the bowlers released the HB with a 

less abducted left ankle (towards neutral), opposite from at BOS. The left ankle at BR is 

important as only the left foot is in contact with the ground, from which the bowlers pivot 

about when releasing the ball. At the same time, the left leg also absorbs the force and acts as 

a stabiliser similar to in an overarm throwing motion (Chu, Jayabalan, Kibler, & Press, 2016). 

It may not be clear why that had occurred except that a more neutral left ankle means that the 

left ankle is pointing straight towards the pins which could also help with releasing the ball 

with more precision. While score difference between ball weight was not significant, the 

bowlers did have a higher mean score when bowling with HB. But the score correlation result 

did not include left ankle hence it is still speculative. 

Therefore based on the paired samples t-test, coaches working with bowlers going 

through the transition could focus more on movement or joints that help in counter-balancing 

the ball, and take note of the rushing during the third step. In the former, strength and 
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conditioning programme that works on the core and non-ball side of the body would be 

useful.     

5.5.2 Cluster Analysis (Intra-Individual Analysis)  

Based on the trials in each cluster, it is possible that ball weight differentiated the 

clusters for 6 participants. There was no similarity in how all 6 participants differed between 

the NB and HB clusters in the seven time-continuous joint angle positions. Each bowler 

could functionally adapt their movement patterns in response to the HB, exhibiting 

degeneracy behaviours.   

The use of time-continuous variables allowed the inclusion of temporal variables such 

as the time taken to reach peak angular position. These temporal changes from NB to HB 

could be observed in the 6 participants. P1 and P3 bowled faster with HB while P2, P4, P5, 

and P7 bowled slower i.e. took longer to reach peak angles. To swing a HB down to BOS, it 

would require more effort to control the descent as the HB exerts more force than the NB on 

the hand. Conversely, to swing a HB back to TOS, more effort is likely required due to the 

greater inertia against gravity hence the time taken to reach peak angle could take longer. P1 

and P3 could have rushed due to two reasons. First, they reduced the range by starting with 

more anteriorly flexed trunk and less extended shoulder, shortening the trajectories thereby if 

similar shoulder angular velocity is assumed, then they would have reached the peak angles 

earlier. Second, they could have lacked the strength to control the descent and allowed the 

HB to rush the downswing such that they had crossed into shoulder flexion earlier. This 

corroborates with P3’s account of shortening his backswing and having less control when 

bowling with HB (Appendix F). Rushing the shot with HB may not be ideal as the 

coordination timing may be disrupted. These participants could have contributed to the faster 

third step observed in the paired samples t-test result. Conversely for P2, P4, P5 and P7, they 
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could have more control in terms of timing due to better postural control and strength but as 

no strength measures were taken, this cannot be verified.  

Among the six participants, P2 had the most distinct magnitude differences between 

NB and HB especially during the downswing phase. With more anterior and lateral trunk 

flexion and external rotation coupled with less flexed and adducted shoulder when bowling 

with HB vs NB, it suggests a more stable starting posture. The HB was not only supported by 

the upper limb but by the trunk as well, where the ball is closer to the body. This could be an 

adaptive response by P2 as he had mentioned that the only difference between HB and NB 

was at the start when HB felt heavier (Appendix F). Beyond the start, there was minimal 

adjustment that P2 made when bowling with the HB.  

In contrast, P4 whose observable differences in the downswing phase continued on to 

subsequent phases to reflect timing differences; slower when bowling with HB vs NB. These 

were more obvious in the distal shoulder, elbow and wrist joints which may be due to the 

bigger ranges that the shoulder and wrist reached during the downswing phase. P4’s ability to 

reach greater range with the HB is unexpected as most participants had reduced range 

possibly due to the lack of muscular strength to exert force on the HB such that a reduced 

range provides more control over the HB to prevent over-exertion or possible injury; a form 

of protective adaptation. For example, P7 showed a limited external trunk rotation and 

shoulder range when bowling with HB, thus to increase peak ball height, she increased her 

trunk’s anterior flexion during the backswing. While she may not have the physical ability to 

bowl with the HB yet, P7 reflected that HB provided more stability; possibly contributed by 

the reduced shoulder range and stable trunk posture (Appendix F).  

Conversely, anecdotal account with P4 revealed that he had attempted bowling with 

the HB on his own previously thus did not feel that there is any difference between the HB 

and NB (Appendix F). Yet, it is clear that P4 was able to control and exert force on the HB 
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through the larger range and slower movement observed in the trunk and upper limb joints. 

These coincide with the variables that correlated to faster ball release speed in HB correlation 

results but ball release speed was not necessarily faster in the HB cluster, although accuracy 

was better in terms of a higher score. This could be the speed-accuracy trade off in play, 

where the slower movement with HB allowed accuracy to improve. Otherwise, it could also 

be due to technical ability where the bowler has yet to harness the physical ability to translate 

to faster ball release speed.  

From the discussion above, it is clear that with the HB as a change in task constraint, 

the impact on movement behaviour differs from one participant to another because of the 

different action capabilities of each individual. Each participant had based on their perception 

of affordances, displayed adaptive behaviours especially in the earlier downswing and 

backswing phases to ensure functional solutions; similar ball speed and score. These results 

also support the ecological dynamics framework in viewing athletes or sports performance as 

complex adaptive systems as these bowlers showed that changes in coordination and 

performance are neither proportional nor linear (Seifert, Araújo, Komar, & Davids, 2017). 

These varied responses could perhaps be a reflection of their early skill acquisition in 

bowling with the HB, where they are still exploring different coordination solutions (Seifert 

et al., 2016). Future research could investigate how the movement patterns of expert bowlers 

look like in order to do a comparison. 

5.5.3 Summary of Ball Weight Effect – Integrated Approach (Third Aim) 

Similar performance outcomes between HB and NB indicate that the bowlers had 

adjusted their movement in response to the heavier task constraint by producing greater force 

so as to release the HB with the same velocity, and possibly with better control due to the 

slightly higher mean score. How the bowlers had adjusted could be explained from both 

approaches, whereby most changes took place in the downswing and backswing phases when 
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the speed of the movement is slower. The pair t-test findings reflect changes in the joints of 

the lower limbs and non-ball side in providing balance and control when bowling with HB. 

The cluster analysis results reflect changes in timing and ranges of motion on the bowling 

side. More importantly, it also highlighted the individuality of responses to the HB where 

there was no consistent adaptation due to different capabilities of the individual bowler that 

could be inferred from their anecdotal accounts.   

5.6 Summary 

This study is the first to profile the ten-pin bowling movement and investigate the 

effect of increased ball weight of developmental bowlers entering ball transition in an 

integrated biomechanical and motor control approach. The biomechanical approach provided 

an insight into the possible core strategies to faster ball release speed and better score across 

three phases in the movement. When cluster analysis was performed, it became clear that 

each participant has unique ten-pin bowling movement patterns. This highlighted the need to 

perform intra-individual analysis when investigating similar closed skill sports in the future.  

The increased ball weight did not have as many nor anticipated differences as 

expected. Performance outcomes were similar between the two ball weights and the 

integrated approach suggested that the bowlers had adapted to the task constraint to achieve 

similar movement outcome goals. These adaptations mostly occurred in the first two phases:  

downswing and backswing, whereby the objectives were mainly for balance, stability and 

control in response to increase in ball weight. However, how these adaptations i.e., timing 

and magnitudes manifested differed for each individual based on the cluster analysis. 

Considering that the task was the same and environment kept consistent, the individual 

constraints of physical and technical abilities could be the reasons behind the lack of a similar 

adjustment across the six participants.  
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Together the findings suggest that the performance of ten-pin bowling is highly 

individualistic. While the biomechanical approach can give an idea of the core strategy, any 

intervention should be investigated intra-individually to provide more effective insight to aid 

the bowler in improving performance and reducing injury risk. 
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6. Conclusion 

6.1 Summary of Thesis 

This study was conducted with the objectives to profile the ten-pin bowling 

movement and investigate the effect of a heavier ball weight on movement behaviour using 

both biomechanical and motor control approaches.  

The first aim to profile the ten-pin bowling movement by identifying the time-discrete 

kinematic variables that correlated with performance outcomes of ball release speed and 

score was achieved. The posture that preceded each phase of the movement in relation to 

faster ball speed and better score was better understood. Variables that correlated with ball 

release speed reflect postures related to better stability and balance from which more force 

could be generated. Conversely, joints related to the control of ball path especially at ball 

release were correlated with score. These findings serve to validate and supplement the scant 

literature on ten-pin bowling to provide a more holistic overview of the movement.  

The second aim to profile the ten-pin bowling movement with a motor control 

approach by investigating the movement pattern consistency of all participants through time-

continuous angular joint kinematics was also achieved. It was clear from the cluster analysis 

that performing the ten-pin bowling movement could be highly individualistic, highlighting 

the degeneracy concept. Moreover, each individual could have multiple solutions to achieve 

similar performance outcomes. But, these differences occurred mostly in the first two slower 

phases which reflect the tighter perception-action coupling where the bowlers could still 

perceive information about the environment and task-related constraints to functionally 

organise and regulate upper body degrees of freedom to achieve consistent performance 

outcomes (Seifert et al., 2016). 

The third aim to understand the NB to HB transition which every bowler has to 

undergo was achieved, by investigating the differences in performance outcomes and 
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movement execution with two approaches when the ball weight increased as a change in task 

constraint. Contrary to expectations, performance outcomes were similar between the two 

ball weights. When bowling with the HB, adaptations to the joints of the lower limbs and 

non-ball side to improve balance and control were found based on the biomechanical 

approach. Adjustments to the timing and ranges of motion of the upper limb and trunks on 

the bowling side were found from the motor control approach. But more importantly, the 

increase in ball weight afforded each participant different movement behaviours depending 

on their action capabilities i.e. physical or technical abilities, where they were able to adapt 

functionally to achieve similar outcomes.  

Altogether, this study has achieved its objectives to profile the ten-pin bowling 

movement and find out the effect of a heavier ball on movement behaviour and performance 

outcomes through the integrated approach. The biomechanical approach offered insight into 

the postures that should precede each phase for better score and ball release speed, whereby 

joints that relate more to stability, balance and control were significant when bowling with 

HB compared with NB. The motor control approach offered insight into the individuality of 

the ten-pin bowling movement, whereby timings and ranges of motion of the upper limb and 

thorax were adapted especially in the first two phases in response to changes in task and 

environmental constraints, but the adaptation differed depending on the individual’s action 

capabilities. The findings form the first step in understanding the sport of ten-pin bowling 

holistically, and more work will need to be done to eventually relate the movement 

coordination of ten-pin bowling to performance enhancement and injury prevention 

especially during the ball transition phase that developmental bowlers go through. It is also 

clear the value that an integrated approach can bring, as it offers different perspectives to 

understanding the movement. Hence, future studies may consider the integrated approach 
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when investigating similar questions. The next two sections will elaborate on limitations and 

future work.   

6.2 Limitations 

The first limitation pertains to the types of variables investigated. The inclusion of 

joint velocity, acceleration, relative joints coordination plots could have provided a richer 

understanding of movement coordination in ten-pin bowling. However, as the objective was 

to gain a preliminary overview of ten-pin bowling, the joint angle displacement could meet 

that aim without making the analysis too complicated.  

The second limitation concerns the lack of ball revolutions and trajectory information. 

These performance outcomes could provide further insight into the relationship between 

movement coordination and performance outcomes on top of just ball speed and score.  

The third limitation relates to the data capture and processing procedures that resulted 

in unequal number of trials per participant. This could have affected the findings since the 

number of trials could directly affect the outcome of the statistical analyses. The learnings 

gleaned from this study would be incorporated into future studies that the candidate is 

involved in to ensure more robust data capture and processing procedures.  

6.3 Recommendations for Future Research 

This study had profiled the ten-pin bowling movement and investigated the effect of 

heavier ball weight by using mostly joint angle displacement information. The findings gave 

a preliminary but substantial insight into the movement behaviour behind ten-pin bowling. 

However, more information such as kinetic data to verify some of the findings to understand 

muscle recruitment during different phases of the movement will be crucial. Follow-up 

research could include joint velocity, acceleration, coordination and kinetic data to fully 

understand the coordination involved. Moreover, more data variables could be included into 

the cluster analysis instead of the seven used in this study. More importantly, the findings 
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from this study support the use of the ecological framework in investigating sporting 

performance. Therefore, the recommendation for any future research that examines athletes 

and sporting performance should consider the ecological dynamics framework when planning 

the design of the study. By using the ecological dynamics framework, a more thorough 

understanding of the movement can be obtained.  

Through the findings of this study, future research could be better segmented to focus 

on certain aspects of the movement to gain a deeper understanding into the components that 

make up ten-pin bowling. Exploratory studies that look at experts and novices could be 

planned to build on the data of developmental bowlers from this study. Intervention studies 

that manipulate for instance, the phase durations or timings to determine its effect on ball 

speed to validate the findings from this study could be planned. Other examples could be the 

development of a strength and conditioning programme to determine if it helps in the 

movement behaviour when bowlers transit to the heavier ball. Besides intervention studies, 

learning or skill acquisition research could be planned also to investigate how movement 

patterns possibly change over time through different forms of practice interventions. These 

future studies could also explore other statistical methods that could provide further insight 

into movement coordination. For example, Statistical Parametric Mapping (SPM) can 

identify where significant differences occur in a time-series/continuous data (Pataky, 

Robinsons, & Vanrenterghem, 2013; Robinson et al., 2015). Time-series data are extremely 

insightful especially when looking at movement coordination hence this newly developed 

method should be included in future studies. Over time as these studies come together, a 

more evidence-based approach to coach ten-pin bowling can be established.  

Another aspect to consider could be the conceptualisation of a longitudinal research 

on ten-pin bowling due to the lack of detailed research that could offer insight into a holistic 

understanding of the science behind the sport i.e., talent identification, injury risk, 
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performance predictors etc. The Singapore high performance eco-system allows the 

tabulation of performance and injury data minimally on a regular quarterly basis due to the 

use of yearly periodisation plan. This study could be the foundation from which key 

performance indicators could be tracked over time, together with training and competition 

results as well as clinical data i.e., types of injuries to form profiles of athletes throughout 

their athletic career. These data over time, with the advancement of machine learning could 

offer insights into trends that link performance and injury. In this way, the high-performance 

team could form more targeted development and training plans to ensure that Singapore 

bowling continue to excel at the international arena.   
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Appendix B: Participant Information Sheet 

Singapore Sports Institute 

Sport Singapore 

3 Stadium Drive, Singapore 397630 

Goh Wan Xiu 

+65 65005538 (Office)  +65 92976368 (Mobile) 

goh_wan_xiu@ssc.gov.sg 

Title of servicing/research project:  

Profiling the Ten-pin Bowling Movement and its Variability in 

Developmental Bowlers during Ball Transition 
 

Subject Information Sheet 

PURPOSE 

This servicing/research project aims to understand the bowling movement in greater detail, especially when 

developmental bowlers undergo the ball transition phase. The results obtained could serve towards the 

development of training programs for the improvement of bowling performance and injury prevention. To achieve 

this, we will perform three-dimensional (3D) recording of participants when they are bowling. 3D motion analysis 

is the current gold standard in analyzing movement; hence the data collected holds great value. 

  

PROCEDURES 

You will be required to attend a session at Singapore Sport School’s bowling alley that will involve the following 

activities: 

1. A Full-Body Mark Up for the 3D Motion Analysis System to Track 

As the 3D motion analysis system captures movement data with reflective markers, each participant will have to 

be marked up with the reflective markers as shown in Figure 1. They will be attached to your skin using double-

sided low allergenic tape. This is necessary to minimize marker movement that can lead to inaccurate data. We 

will collect data of arm and ball velocities, and selected upper- and lower-body joint angles and accelerations. If 

you are uncomfortable without shirt on, sleeveless compression tights will be provided.  
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Figure 1. Full-Body Mark Up 

2. Bowling in 2 conditions of 10 shots each  

Thereafter, you will bowl 2 sets of 10 bowls where each set varies in its condition. The only difference between 

the two conditions is the ball weight (1 pound weight difference).  

It will take approximately 3 hours to complete all the above activities.  

RISKS 

Minor skin irritation may occur from the attachment of the markers on the participants’ skin, using wig and leuko 

tape. The skin irritation does not constitute any long term risk and should abate within a few days after testing.  

 

BENEFITS 

We will provide you with a report of your movement in bowling and make recommendations on how you can 

improve in your game.  

 

CONFIDENTIALITY 

Data collected will be stored on a computer that is kept within the premises of Sport Singapore. The data will be 

protected against loss or theft and unauthorized access, disclosure, copying, use, and modification. Security 

measures taken will involve restricted access and password protection.  While the data collected during the study 

may be published in scientific and coaching journals and presented at conferences, your identity will not be 

disclosed. Your personal results will be made available to you and your coach (unless otherwise advised by you) 

but will not be provided to anyone else without your written permission.  

 

SUBJECT RIGHTS 

Participation is purely voluntary and you are free to withdraw from the servicing session/experiment at any time 

and without prejudice. You can withdraw for any reason and do not need to justify your decision. Upon 

withdrawal, all the data that we have recorded will be destroyed, unless you request otherwise.  
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Appendix C: Consent Form 

Singapore Sports Institute 

Sport Singapore 

3 Stadium Drive, Singapore 397630 

Goh Wan Xiu 

+65 65005538 (Office)  +65 92976368 (Mobile) 

goh_wan_xiu@ssc.gov.sg 

Title of servicing/research project:  

Profiling the Ten-pin Bowling Movement and its Variability in 

Developmental Bowlers during Ball Transition 

Statement of Informed Consent 

 
I ___________________________ have read the information provided and any questions I have asked 

have been answered to my satisfaction. I agree to participate in this activity, realising that I may 

withdraw at any time without reason and without prejudice. 

I understand that all information provided is treated as strictly confidential and will not be released by 

the scientist unless required to by law. I have been advised as to what data is being collected, what the 

purpose is, and what will be done with the data upon completion of the servicing session/research. 

I agree that data gathered for the study may be published provided my name or other identifying 

information is not used. 

I agree that the data will be shared with my coach unless I inform the investigator not to.  

If I have any questions at any point of time, I will contact Wan Xiu at 92976368 or 

goh_wan_xiu@sport.gov.sg. 

 

______________________                    __________________ 

Signature of Participant Date 

Parental Consent (For participants under 21 years old) 

 

I ___________________, parent/guardian of_________________ *consent / do not consent to my 

child/ward’s participation in the abovementioned activity. (*Delete where applicable.) 

 

Signature:    Date:     

 

Contact No:   
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Appendix D: Background Form 

Singapore Sports Institute 

Sport Singapore 

3 Stadium Drive, Singapore 397630 

Goh Wan Xiu 

+65 65005538 (Office)  +65 92976368 (Mobile) 

goh_wan_xiu@ssc.gov.sg 

Participants’ Profile Sheet 

Name:   

Age:   

Gender:   

Years of competitive experience:   

Highest level of competition:   

 

1. Preferred oil lane condition:  

 

2. Please select your style of play by putting a tick next to it.  

Right; Hook  

Right; Spin   

 

3. Do you think your technique changes from bowl to bowl? (e.g. swing speed, step 

length, tempo etc.) 

 

 

 

4. How do you feel your technique changes when you bowl with a heavier ball? (e.g. 

pull the shot, open/closed hand position, wrong body position etc.) 

 

 

 

5. What is your injury history? 

 

 

 

6. Are you currently suffering from any injury or sense pain or discomfort?  

 

 

 

7. Limb Length Measurement 

Height: Arm Length Leg Length 

Weight:  Left: Right:  Left: Right:  
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Appendix E: C.A.T.S System Output 
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Appendix F: Participants’ Responses 

Participant Q: Do you think your 

technique changes from 

bowl to bowl? 

Q: How do you feel your technique changes 

when you bowl with a heavier ball? 

1 Yes No 

2 Felt more stable at 

finishing after core 

exercise 

Felt different only during the starting position 

where it felt heavier 

3 Yes I need to let my swing go earlier on the lighter 

ball than heavier ball. My backswing becomes 

shorter and not as much control 

4 No, I change my swing 

speed 

No, I train with heavier ball 

5 Speed changes; swing goes 

higher and lower 

No  

6 Swing changes Wrong body position 

7 No  More reaction, more stable with heavier ball 

8 Yes  Normal  
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