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ABSTRACT

Compared to other professional sport codes such as soccer, the availability of rugby-based
studies rooted in scientific principles is limited. This study forms part of a larger project that
aims to broaden the knowledge base surrounding the rugby goal kick.

This study set out to achieve the following three objectives: to determine the ideal frequency
parameters for the use on kinematic variables during the analysis of the rugby goal kick, testing
the validity of possible automatic filtering algorithms applied to the kinematic variables and the
identification of a concrete kinematic sequence performed during the rugby goal kicks, by
implementing biomechanical analysis principles.

In order to achieve this, the three-dimensional kinematic data of twelve elite level kickers were
recorded using an 8- camera Vicon system sampling at frequencies of 200 Hz. The testing was
conducted at the motion-analysis laboratory at the University of Stellenbosch. The participants
were all of national calibre at the time of testing. Each participant performed ten consecutive
goal kicks. The testing was conducted on hard rubber floors with the participants wearing
running shoes.

The effect of the filtering process was visually observed in order to determine the ideal filtering
parameters for the kinematic variables. Based on these findings, the validity of several
automatic filtering algorithms was tested.

It was established that none of the automatic filtering algorithms tested during the study
achieved satisfactory results for the use with rugby goal kick kinematic data.

The study, however, successfully identified an ideal filtering frequency that could be applied to
biomechanical data of such a nature as a rugby goal kick. It furthermore established a kinematic
sequence that is performed during the execution of a rugby goal kick.
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OPSOMMING

In vergelyking met ander professionele sportkodes soos sokker, is daar beperkte beskikbaarheid
van wetenskaplik gebasseerde studies rakende rugby. Hierdie studie vorm deel van ‘n groter
projek wat daarop gemik is om die kennisbasis rondom die rugby stelskop te verbreed.

Die studie het dit ten doel om die volgende drie doelwitte te bereik: om die ideale frekwensie
parameters vir gebruik met kinematiese veranderlikes gedurende die analise van die rugby
stelskop te bepaal, om die geldigheid van moontlike outomatiese filtrering algoritmes wat
toegepas word op die kinematiese veranderlikes te bepaal, en om ‘n vasgestelde kinematiese
reeks te bepaal wat tydens die rugby stelskop uitgevoer word, deur die implementering van
biomeganiese beginsels.

Om die bogenoemde doelwitte te bereik is drie-dimensionele kinematiese data versamel van
twaalf professionele rugby stelskoppers. Die data is versamel deur ‘n 8-kamera Vicon sisteem te
gebruik wat teen ‘n frekwensie van 200 Hz opneem. Die toetse is uitgevoer in die
bewegingslaboratorium van Universiteit van Stelllenbosch. Die deelnemers hat almal op
nasionale vlak aan rugby deelgeneem tydens die tydperk waartydens die data versamel is. Elke
deelnemer het tien agtereenvolgende stelskoppe uitgevoer. Die toetse is binnenshuis afgeneem.
Die laboratorium het ‘n harde rubber vioeroppervvlak en die deelnemers het die skoppe
uitgevoer met hardloopskoene.

Die invloed van die filtreringsproses op die kinematiese data is visueel waargeneem met die doel
om die ideale filtreringsparameters vir kinematiese veranderlikes te bepaal. Na aanleiding van
die boegnoemde resultate is daar tot die volgende gevolgtekking gekom: die outomatiese
filtreringsalgoritmes wat in hierdie studie getoets is het nie bevredigende resultate vir die
kinematiese data van ‘n stelskop gelewer nie.

Die studie het egter wel ‘n ideale filtreringsfrekwensie bepaal vir die toepassing op rugby
stelskop kinematiese data. Hierdie filtreringsfrekwensie het my in staat gestel om ‘n kinmatiese
reeks vir die rugby stelskop te identifiseer.
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CHAPTER ONE

INTRODUCTION

1.1 INTRODUCTION

Rugby union has continuously grown since the first professional match was played in
1967. It started out as a simple pass-time but has been transformed into a global
attraction with vast stadia, an intricate administrative structure and complex strategies.
It is enjoyed as the national sport for several countries from a wide range of socio-
economic backgrounds. South Africa has consistently been one of the top tier rugby
nations in the world, only occasionally dropping out of the top 4 in the international
rankings.

According to the International Rugby Board (IRB) there are currently 2.82 million
registered rugby union players in the world; this number grew from 2.56 million in
the year 2015.The number of non-registered rugby players rose from 4.47 million
to 4.91 million in the same time period. The IRB contributes this to a record amount
of funding through the World Rugby Development Programme (£8.23 m), Regional
Tournament Funding (£3.82 m) and High Performance Programme (£10.68 m).
Since the year 2015 a record number of 120 countries now belong to unions
affiliated with the IRB (World Rugby, 2015b).

Even the increased growth rugby has experienced in recent history; it is dwarfed by
the sheer scale of support enjoyed by soccer. During the previous survey conducted
by FIFA in 2006 it was estimated that there are more than 38 million registered
soccer players around the world and that approximately 4% of the world’s
population plays the sport recreationally (Fédération Internationale de Football
Association (FIFA), 2007). The difference in scale between rugby and soccer is
made evident by the difference in the ten highest earning players of each sport for
the year of 2017, as shown in Table 1 (Forbes, 2017) (Tewhatu, 2017).

Even though the sport continues to grow on both the domestic and international level,
coupled with an increasing player base and funding, scientific based research of rugby is
limited. This is especially true when referring to the biomechanics of rugby goal kicking.
This study aims to broaden the body of knowledge connecting to rugby goal kicking, by
means of a biomechanical analysis.



Stellenbosch University https://scholar.sun.ac.za

Table 1: Comparison between the highest earnings per season in million
between soccer and rugby

Rugby (million) (rsr:ﬁ:sr:)
1 $1.98 $93
2 $1.98 $80
3 $1.28 S37
4 $0.95 $34
5 $0.71 $32
6 $0.71 $23.6
7 $0.71 $23.3
8 $0.71 $22.6
9 $0.68 $21.9
10 $0.64 $21.2

This study forms part of a larger project that aims to acquire scientific knowledge
concerning the biomechanics of the rugby goal kick. The project will span across multiple
phases and disciplines. The knowledge acquired will serve as a base to establish a youth
development program that aims to bring the level of South African players and coaches
to that of the world’s best. In order to develop such a program, the scientific body of
knowledge surrounding the game of rugby must be expanded. By understanding the
fundamental aspects of the rugby goal kick movement, coaches will be able to improve
the fundamental skills of young players, which will greatly improve the performance of
players on higher levels of competition.

This study aims to broaden the body of knowledge surrounding the rugby goal kick. By
furthering the understanding of the fundamental aspects of this movement, coaches
and trainers will be able to implement training protocols based on scientific data on
rugby goal kicking, instead of altering findings from soccer studies. This will result in a
decrease in the subjectivity traditionally associated with coach and trainer feedback to
athletes. The improved training and coaching protocols could lead to improved
performance of kickers across all sporting levels.

1.2 CONTEXT OF THE STUDY

South Africa annually competes in national level (Rugby Championship) and provincial
level (Super Rugby) tournaments with its biggest rivals, New Zealand and Australia.
According to the statistics released by IRB in 2014, South Africa has more than double
the number of registered players compared to New Zealand and about 1.5 times the
number of players of Australia (World Rugby, 2015b). Even with such a large advantage
in player base, South Africa has only managed to win 14 of their 33 matches since the
inclusion of Argentina in 2012 (ESPN Scrum, 2017).

The rugby place kick is an important and fundamental aspect in the game of rugby.
Throughout the history of the sport, many matches and trophies were either won or lost
by the boot of a kicker. In a study analysing 582 international matches played between
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2002 and 2011, it was found that 72% of the 6769 kicking attempts were successful,
constituting 45% of the total points scored during this period. The outcome of 33 of the
matches played hinged on the success of a goal kick (Quarrie & Hopkins, 2014). During
the six Rugby World Cup (RWC) finals before 2015, the finalists produced only seven
tries, while having produced a total of 37 penalty goals. This results in a ratio of one try
to five penalty goals with six of the twelve finalists failing to score even a single try and
only a single team managing to score more than one try (World Rugby, 2015a). During
the history of the RWC a cumulative total of 259 points have been scored in finals, 31%
of which are attributed to tries scored, 8% to conversions and 54% due to penalty kicks.

Many believe the lack of positive results is due to lacking the same level of skill as some
of their competition (Cardinelli, 2015) (Mohamed, 2016). It is believed that the greater
focus on developing the required skillset, more so than the physical aspects, of young
players is the key to the success of nations such as New Zealand and Australia. The
implementation of a dedicated youth development program by South Africa may serve
to bridge the gap. In order for South Africa to develop such a program, a great deal of
time must be invested to further the knowledge base of coaching and training by not
focussing on immediate performance only (The Sport Freak, 2016). Coaches and trainers
must become knowledgeable about more than just what the “final” or “ideal” technique
of an elite level athlete looks like. They must focus on more than just the physicality of a
young player and tailor the player’s skills according to their personal “technique” and
strengths.

A bibliometric study using the keyword “Rugby” was conducted on journal articles in
scientific journals published between 1922 and 2009. The search was conducted on
three databases: Scopus, ISI Web of Knowledge and Sports Discus. Of the 2057 articles
analysed, only 45 (2.2%) focussed on the biomechanics of a rugby related movement
(Martin, Olmo, Chirosa, Carreras, & Sola, 2013). Of these, studies’ pertaining to kicking
movement’s make up only a small portion. This highlights the dire need for additional
scientific based studies based on such a vital aspect of the game of rugby.

1.3 PROBLEM STATEMENT

Even with the large player base around the world and a great deal of funding going
towards rugby development, the scientific study of rugby is limited, especially in terms
of biomechanics. Currently there is only a small biomechanics community dedicated to
the analysis of the rugby union movements, with goal kicking being only one of the
many movements in rugby union as a whole. The studies that do indeed focus on the
investigation of the goal kick are usually limited to only a selected aspect of the
movement, failing to address the movement as a whole, such as obtaining the optimum
elevation angle for maximum kicking distance or focussing only on the foot speed
(Simons, 2016) (Linthorne & Stokes, Optimum projection angle for attaining maximum
distance in a rugby place kick., 2014). Given the resemblance between the rugby union
goal kick and the free kick in soccer or football (referred to as soccer from this point
onwards) and soccer being a more global sport, most studies concerning the rugby
union goal kick reference soccer studies (Atack, Trewartha, & Bezodis, 2014) (Bezodis,
Trewartha, Wilson, & Irwin, 2007). However, according to a study examining the
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biomechanics of the kicking leg during a rugby goal kick, it was found that although the
two movements are indeed similar, there are some mechanical differences between a
rugby goal kick and a free kick in soccer (Atack, et al., 2014). Based on the findings of
Atack et al (2014) there exists a need to further grow the scientific knowledge base
surrounding the game of rugby, and the reliance on studies related to the soccer disciple
must be reduced.

Coupled with the lack of dedicated rugby goal kicking studies, is the lack of research
based on the around the filtering and processing of rugby biomechanical data. There
furthermore does not seem to be a consensus on the filtering parameters used for the
kinematic data. The cut-off frequencies that have been reported vary from study to
study and are usually based on visual inspection only. This is however not a feasible
practise as it is susceptible to human judgement and can be a time consuming
endeavour when multiple signals need to be processed, as is the case with rugby goal
kicking study.

14 AIM

The current phase of the project (this study) has a two-fold aim. Firstly, the study aims
to implement several automatic filtering algorithms and investigate their effect on the
validity of the filtered data. Secondly, the study aims to develop a tool for the analysis of
kinematic data generated from the three-dimensional motion capturing of a rugby goal
kick. Emphasis is placed on the extraction of the kinematic sequence as well as
implementing the most suitable filtering protocol established. The kinematic sequence
reveals the segmental interaction during the movement. This involves determining the
order of joint interaction/movements, i.e. the pattern or timing at which certain key
movements are executed. The kinematic sequence, along with the magnitude of the
segment velocities, will allow the further study of the different kicking styles exhibited
by certain goal kickers. The processing techniques developed during this study will serve
as a base for the subsequent phases in the larger project.

1.5 OBJECTIVES

The following research objectives were formulated, namely to:

e Determine suitable filtering frequencies for the use on joint kinematics
during the rugby goal kick.

Due to the nature of the frequency content of a non-periodical movement that
involves influences from external sources such as kicking a ball, the standard
recommendations and procedures outlined for filtering movements such as gait do
not fully satisfy the filtering requirements of a rugby goal kick. Therefore, the ideal
filtering parameters specifically applicable to the rugby goal kick must be
determined.
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e Implement and test the validity of several automatic filtering algorithms in
order to establish a suitable filtering protocol for rugby goal kick
Kinematics.

Determining the filtering frequencies by means of visual inspection is not suitable to a
multi-join full body movement such as a rugby goal kick. Therefore, some means of
automating this process is required.

e Develop a tool to process the kinematic data of a rugby goal kick, by
extracting the kinematic sequence.

In order to further understand the fundamental aspects of the rugby goal kick, it is
required to analyse the interaction between the segments that contribute the
generation of foot speed and orientation.

1.6 SIGNIFICANCE OF THE STUDY

The implementation of an automatic filtering algorithm will greatly ease the process of
analysing multi-segment whole body movements such as the rugby goal kick. It would
remove the need for constantly scrutinising the filtering process. However, in order to
test the validity of the results found by one of these algorithms, the frequency content
of rugby goal kicking kinematics must be known. This study will aim to determine the
ideal filtering parameter that could be applied to rugby goal kicking kinematics.

The broader goal of the study is to deepen the scientific pool of knowledge surrounding
the rugby goal kicking movement. Only through scientific based empirical data will the
coaching be elevated to the same level as that of the larger global sports. The findings of
this study will serve as a base on which the larger project can be furthered.

1.7 PROPOSED LAYOUT OF THE STUDY

The review of the literature in Chapter two highlights the skill acquisition process and
the importance of building a knowledge base around the rugby goal kicking movement.
This discussion is followed by a discussion on the biomechanics tools and techniques
utilised in the processing and analysis of three-dimensional biomechanical data. Chapter
two is concluded with a discussion on the automatic filtering algorithms being tested in
this study.

Chapter three presents the methodology used to collect process and analyse the
biomechanical data needed to fulfil the aim of the study. In Chapter four the results of
the most appropriate filtering technique for the biomechanical data of a rugby goal kick
are presented and discussed, followed by the results and discussion on the
biomechanical analysis of the data set of the twelve participants. The chapter is
concluded with the identification of a possible kinematic sequence. The study is
concluded in Chapter 5. The limitation of the study is discussed, followed by
recommendations for future research.
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CHAPTER TWO

LITERATURE REVIEW

2.1 INTRODUCTION

Throughout this report the key elements of a rugby union goal kick as well as the effect
it has on the successful performance of the movement will be analysed. In this literature
study, the importance of furthering the understanding of the rugby place kicking
technique for both the improvement of the sport as well as furthering the
biomechanical body of knowledge will be discussed. Concepts, such as what the study of
biomechanics entail and why furthering the body of knowledge is important, the
different analysis methods and techniques used in biomechanics, etc. will be discussed.
Next, the motion capturing techniques, two-dimensional vs. three-dimensional, and the
biomechanical research done on both the rugby union place kick and the in-step kick
implemented in soccer will be outlined. Finally, the reference measures, necessary to
statistically explore the relationship between the execution and the performance
outcome, will be defined.

2.2 SKILL ACQUSITION

The acquisition of perceptual-motor skills is fundamental to human development.
Humans continuously strive to either acquire new skills or refine existing ones.
Skilled athletes spend many hours practicing and honing their skills with the aim of
improving their performance (Hodges & Williams, 2012) (Williams & Hodges,
2005). However, without fully understanding the fundamental aspects of the
movement and having the knowledge to determine the best use of time and
resources, athletes will be unable to reach their full potential. This project strives to
understand the skill associated with the rugby goal kick and how it is acquired using
scientific based methods.

There is a large debate within sport science about whether champions are either born or
bred (Baker & Davids, 2006) (Tucker & Collins, 2012) (Helsen, Hodges, Van Winckel, &
Starkes, 2000). Research has concluded that it takes 10,000 hours of training for a
talented player/athlete to reach elite level. This translates to approximately three hours
daily practice for ten years (Hodges & Williams, 2012) (Williams & Hodges, 2005). Many
warn against taking this concept too literally, but there is general consensus that it is not
possible to reach expert-level performance without a long term commitment to training
and practice (Howe, Davids , & Sloboda, 1998) (Scurr & Hall, 2009) (Balyi & Hamilton,
2004) (Tucker, 2013) (Ward, Hodges, Starkes, & Williams, 2007). Training alone,
however, does not equate to skill. Athletes are required to engage in deliberate practice,
defined as highly effortful and structured activity with the explicit goal of improving
performance through participating in specific activities focussing on improving
weaknesses (Baker & Young, 2014) (Hodges & Williams, 2012) (Ericsson, 2004).
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The long-term training of athletes and players can be separated into several stages that
progress as the athlete or player matures. Early stages start with obtaining the
fundamental skills required in sports, such as the physical strength and control required
to perform the required motions. From the early stages, the athlete can start to learn
the basic structure of the movement and as the athlete becomes more proficient, the
focus of training shifts more towards performance outcome (Balyi & Hamilton, 2004)
(Coté & Vierimaa, 2014) (Hendriks, 2012). At this stage the coach and trainer must assist
the player in identifying the inherent dynamics of the individual, opposed to trying to
reproduce “expert behaviour”. Focusing on the “ideal” movement could lead to
frustration and even prolong the skill acquisition process (Seifert, Button, & Davids ,
2013) (Ackland, Elliott, & Bloomfield, 2009). In order for a trainer or coach to help
develop a personalised style for an athlete, the fundamental aspects of that movement
must be known. Attempting to duplicate a movement without understanding the cause
and effects could result in sub optimal movement patterns. If the changes made to the
movement are based on expert knowledge and fundamental principles, the true
potential of an athlete can be unlocked.

Elite level athletes on the other hand already possess a unique technique that has been
ingrained after an extended period of training. Attempting to drastically alter their
technique could lead to regression in their performance (Carson & Collins, 2014).
Therefore, in the case of elite athletes, their skill should subtly be refined by either
decreasing variability or utilizing a more personalised training program focussing on
individual weak areas (Bartlett, Wheat, & Robins, 2007) (Ackland, Elliott, & Bloomfield,
2009). This results in a similar situation to that of training an amateur. In order to tailor a
training program to a specific athlete, the knowledge about the fundamental aspects are
needed. If the coach is unable to greatly alter the technique of an athlete, the changes
that they are able to implement are of even greater importance. This is especially
important if those small alterations could be the difference between the victory and loss
of a professional athlete.

As outlined previously, a structured long-term training program is vital to the optimal
development of an athlete. This type of program must continuously be adapted as the
athlete progresses. A knowledgeable coach or trainer is therefore required to supervise
the process, altering the program and providing feedback to the athlete (Ackland, Elliott,
& Bloomfield, 2009). Information provided to the athlete concerning the action
performed is one of the most important variables affecting the learning and subsequent
performance of a skill (Ericsson, 2004) (Wulf, Mcconnel, Gartner, & Schwarz, 2002).
Knowledge about the proficiency with which an athlete performs a skill is critical to the
learning process and failure to provide such knowledge could result in the athlete not
progressing at all. Further, it has been found that the quality of the information provided
directly affects the skill acquisition process (Ericsson, 2004). Therefore, in order for a
coach to adequately guide and develop a player, they require the understanding of both
the process and outcomes of the movement involved (Ackland, et al., 2009). Such an
understanding between outcomes and process are paramount, and relies on the ability
of the coach or trainer to translate theory into practice.
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“Current coaching practice is based on tradition, intuition and emulation rather than on
empirical research” (Williams & Hodges, 2005, p. 637). However, several studies found
that such observation is both unreliable and inaccurate (Hughes & Franks, 2004). Figure
1 shows the traditional coaching cycle. It can be seen that each aspect of the cycle has
an effect on several other aspects of training and have compounding effects as the cycle
is completed multiple times.

Coach
observes
Athletes Coach plans Coach conducts
perform practice practice
Performance
analysed

v

Past results
accounted for

Figure 1: Simple schematic representing the coaching cycle (Hughes & Franks,
2004).

In order to break the tradition of current coaching methods based on subjective
observation, further means of analyses rooted in empirical evidence are required.

2.3 HUMAN MOVEMENT ANALYSIS

Movement is the means by which we interact with the environment, whether we are
out for a stroll, taking part in a sporting event, or rehabilitating an injury. A thorough
understanding of the various aspects of human movement can facilitate more effective
coaching, training protocols and the formulation of new research ideas (Hamill, Knutzen,
& Derrick, 2015). “Human movement analysis aims at gathering quantitative information
about the mechanics of the musculo-skeletal system during the execution of a motor
task. In particular, information is sought concerning the movement of the whole-body
centre of mass; the relative movement between adjacent bones, or joint kinematics...”
(Cappozzo, Della Croce, Leardini, & Chiari, 2005, p. 186). The two main aims of human
movement analysis are the reduction of injury and the improvement of performance.
Human movement analysis may occur in several different forms, from the observation
of a coach using only the naked eye, to the intricate studies conducted using
sophisticated laboratory equipment. Each method of observation serves its role based
on the required outcome of the analysis (Bartlett, 2005).
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2.3.1  Branches of Movement Analysis

Human movement analysis can be broadly separated into two branches of science:
kinesiology and biomechanics (see Figure 2). Kinesiology focuses on “the
musculoskeletal system, movement efficiency from the anatomical standpoint, as well
as joint and muscular actions during simple and complex movements”. A typical analysis
involves identifying discrete phases in an activity, describing the segmental movements
occurring in each phase, and identifying the major muscular contributors to each joint
movement. Most kinesiological analyses involve observing a movement, the
investigation of the skills involved in the movement, and the identification of the
muscular contributions to the movement. As a result, kinesiological analyses are
considered being qualitative (Hamill, et al., 2015).

Biomechanics is “the study of the movement of living things using the science of
mechanics” (Hatze, 1974, p. 189). The field of biomechanics provides the means of
conceptualising and quantifying the forces and movement involved in understanding
how living things move and how movements can be made safer or more efficient
(McGinnis, 2013). Biomechanics can be applied over a wide variety of movements
(Winter, 2009). For example, it allows us to understand why humans walk the way they
do, what effect gravity has on the human musculoskeletal system, how mobility
impairment in the elderly can be improved, and how prostheses can aid individuals with
below-knee amputations. Sport bio-mechanists and engineers have also contributed
invaluably to improving performances in selected sports. From playing surfaces and
equipment, to shoes, biomechanics plays an important role in recognizing what
practices are perhaps less effective and less dangerous, and how athletes optimize
performance (Klavora, 2015) (Knudson D. V., 2007) (Winter, 2009) (McGinnis, 2013).

Biomechanics can be separated into three sub-components, namely functional anatomy,
kinetics and kinematics. Functional anatomy is the study of the body components
needed to achieve or perform a human movement or function (Hamill, Knutzen, &
Derrick, 2015). It involves identifying the muscle or muscle groups involved in
performing a movement or function, as well as determining the type of movement that
is produced by the muscle or muscle group, e.g. flexion and extension, rotation (internal
or external), abduction and adduction. Functional anatomy can be utilised by both
biomechanical and kinesiological studies. Knowledge of functional anatomy is useful
when setting up a training program and to assess the injury potential in a movement.

10
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- BIOMECHANIC

Figure 2: Components of biomechanical and kinesiological movement analysis
(Hamill, Knutzen, & Derrick, 2015, p. 5)

Kinetics is an area of study that examines the forces acting on a system, such as the
human body, or any object. A kinetic movement analysis examines the forces causing a
movement. A kinetic analysis can provide valuable information about how the
movement is produced or how a position is maintained. This can be used in the
formulation of conditioning and training programs for a sport or movement. It also
identifies positions where joints are the weakest, allowing further insight into the
aspects of a movement or athlete that makes the athlete more prone to injury (Hamill,
Knutzen, & Derrick, 2015). A kinetic analysis is much more difficult to comprehend and
evaluate, as only the effects of the forces can be observed. The assessment of these
forces poses the greatest challenge in biomechanics because it requires sophisticated
equipment and considerable expertise.

Kinematics is defined as “study of motion” dealing with a body or system in motion
without reference to the cause i.e. force. The phenomena (motions) rather than the
cause (force) are the subject of analysis (measurement) in a kinematic study. Kinematic
quantities of interest include position and orientation of the segments, positions of the
joints and their time-derivatives (linear and angular velocities and accelerations) (Kwon,
2008). By examining an angular or linear movement kinematically, we can identify the
segments involved in that movement that require improvement or obtain ideas and
technique enhancements from elite performers or break a skill down into its component
parts (Hamill, et al., 2015). This study aims to investigate the kinematics of various key
joints and segments (e.g. knee and hip flexion and extension) that are of importance
during the execution of a rugby goal kick.

11
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2.3.2  Quantitative and Qualitative Movement Analysis

As stated earlier, human movement analysis comes in many forms with varying degrees
of complexity. Two main approaches to human movement analysis can be identified,
namely a qualitative- and quantitative analytic approach (Lees, 2002). Qualitative
analysis of human movement is defined as the “systematic observation and
introspective judgement of the quality of human movement for the purpose of
providing the most appropriate intervention to improve performance” (Knudson &
Morrison, 2002). Qualitative analysis is by nature a subjective process, and is based on
the judgement and experience of the observer (Knudson D. V., 2013) (Klavora, 2015) or
the analyst’s (or equipment’s) ability to recognise the vital aspects of the movement.
Qualitative evaluations of movement will produce a description of the movement
(Kreighbaum & Barthels, 1996).

The quantitative approach to analysing human movement on the other hand, is a data-
driven numeric evaluation of the movement and is primarily performed in a research
setting (Kreighbaum & Barthels, 1996). For example, biomechanics is strongly rooted in
guantitative science and focuses on measuring the displacement and its time derivatives
of certain segments of the body (McGinnis, 2013). A quantitative approach therefore
eliminates subjectivity as the numerical data collected can describe or explain the
physical situation (Kreighbaum & Barthels, 1996). Figure 3 shows the continuum of a
human sprinting and shows that the qualitative side of sprinting includes the more non-
numerical aspects of human movement analysis using aspects such as the
developmental level of the athlete or subjective ratings as basis for evaluation. The
guantitative side of the continuum involves parameters of performance that are more
measurable and that can be expressed in numerical values, such as the acceleration or
the forces present in joints (McGinnis, 2013).

Qualitative Quantitative
C_j | -|__|—|-
Developmental Rating scale Stride length Velocity Acceleration Force
level

Figure 3: Sample continuum of human movement analysis (Knudson &
Morrison, 2002, p. 5)

This research report has a greater focus on the quantitative side of the continuum,
although no analysis can be either purely quantitative or qualitative and always involves
elements of both (Knudson & Morrison, 2002) (Klavora, 2015).

12
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2.4 BIOMECHANICAL ANALYSIS TECHIQUES AND TOOLS

Biomechanical analysis uses a mixture of experimental and theoretical approaches to
analyse movements and are mainly interested in improving performance and reducing
injury risk. Currently the two most prominent movement analysis techniques employed
are videography (two-dimensional) and motion capture (three-dimensional) (Bartlett,
2007).

2.4.1  Videography (Two-Dimensional Analysis)

Videography is a rudimentary analysis tool used to record motion in a two-dimensional
plane. The technology is cheap and easy to set up in both a laboratory and competition
environment. It is ideal for the assessment of qualitative aspects of a movement, as it
allows a coach or trainer to observe the movement performed at a later time, as well as
at a slower rate. This technique is however not ideal for complex analysis, as most
videography systems suffer from slow sampling rate and movement can only be
captured in a predefined movement plane. In the case of intricate or high-speed
movements, a considerable amount of data can be lost in the moments between each
recorded frame (Bartlett, 2007).

2.4.2  Motion Capture (Three-Dimensional Analysis)

Although there are many different systems capable of accurately tracking the movement
of the human body (Edmison, 2004), the use of optical motion capturing systems are
considered to be the gold standard for quantitative human movement analysis
(Menache, 2000). Most motion capturing systems involve some form of marker attached
to the body that is tracked by some means (Miindermann, Corazza, & Andriacchi, 2006).
Optical motion capturing systems such as the Vicon system used throughout this
project, utilise infra-red light to track movement. The cameras serve as the light source,
as well as the sensor, capturing the light that is reflected off reflective markers that is
attached at key anatomical positions on the body.

The greatest advantage of the use of optical based tracking systems is that it allows the
subject to freely move within a predefined capture volume without being restricted by
cables attached to the body. This, coupled with the high frame rate and high degree of
accuracy of such a system, means that it is ideal for the use of fast paced movements
such as the rugby goal kick. Its largest drawback is however that in order to increase the
capturing volume of the system, additional cameras must be added. As the system is
generally quite expensive, it could result in the system being out of range for smaller
research-based users (Furniss, 2016). The standard setup used by research groups
involve a series of 6 to 10 cameras, spaced out to create a capture volume of
approximately 8 m x 4 m x 2 m (length x breadth x height) (Cockcroft & Van den Heever,
2016). The system is capable of being scaled up to incorporate additional cameras with
some systems utilising more than 300 cameras (Furniss, 2016).

In order for a marker to be tracked it must be visible to at least two separate cameras
(Bartlett, 2007). The accuracy, however, is greatly improved by the addition of a third

13
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camera. This has the implication that in the case of intricate movements or movements
involving additional obstacles that could obscure markers from the vision of the
cameras, marker occlusion could occur. Each camera tracks the two-dimensional
position of a marker. The system uses data from multiple cameras to triangulate the
three-dimensional position of the marker within the capturing volume. This process is
repeated for multiple frames per second, creating a sequence of global coordinates over
time (Guerra-Filho, 2005).

2.5 THE BIOMECHANICS OF GOAL KICKING

In the section to follow, several key aspects regarding the biomechanics of the rugby
goal kick are highlighted and discussed. The general sequence of movements performed
during a standard goal kick is described, followed by the consideration of the success
criteria in the context of a rugby goal kick. The section is concluded with the
identification and discussion of the key performance indicators for the goal kick.

2.5.1 Kicking Sequence

Kicking motion is characterized by sequential motion of body segments (e.g. thigh and
shank), progressing from the most proximal segment to the most distal segment and is
described as a “proximal-to-distal sequential pattern”. “Each segment in a linked system
influences the motion of its adjacent segments in a way that is dependent on how the
segment is moving and how the segment is orientated relative to its adjacent segments
(Putnam, 1993, p. 125). Putnam (1993) identified the summation of speed principle as
one of the most important principles underlying the description of proximal-to-distal
sequencing in sport movements is the summation of speed principle. The principle
states that, in order to achieve the greatest possible distal speed, the movement should
be initiated by the most proximal segment and progress down the kinetic chain towards
the most distal segment (The Performance Lab Inc., 2014). Figure 4 illustrates the
summation of speed principle in a typical throw, showing how each segment initiates
motion at the instant that the more proximal segment achieved its greatest speed.

4
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Figure 4: Summation of speed principle in a standard throw. Each successive
distal segment begins accelerating when the contiguous, proximal segment
reaches its maximum
(https://theperformancelabinc.wordpress.com/2014/09/16/the-kinematic-
sequence)

Almost all kicking skills require maximum speed to be achieved at the end of a distal
segment in a kinematic chain (Fowler, 2005). Describing the motion of the sequence
using either the joint angular velocities or the segment angular velocities leads to an
appreciation of how each joint or segment contributes to the final speed of the most
distal endpoint in the system. In order to quantify the angular velocity of both the joint
and segment, the kinematic information of the more proximal segment and joint must
be known. Expressing a proximal-to-distal sequence in such a way lends to easier
visualization of the movement since we typically think of motion as a series of joint
rotations (Putnam, 1993).

However, when segments move in sequence, the more proximal segments do not
significantly contribute to the maximum speed reached at the most distal end at the
instance of impact. The histories of these individual segments enable the more distal
segments to achieve greater speeds through the principle of the summation of speeds.
This can be seen in Figure 4 where the more proximal segments start to decelerate at
the instance when the more distal segment accelerates.

The rugby goal kick is very similar to that of the in-step kick utilised in soccer penalty
kicks, however, several factors differentiates the two. The lack of a goalkeeper in rugby
as well as the different shape of the ball used alters the rugby goal kick slightly. The
rugby kick also differs to that of other similar kicks used in other sports by allowing a
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teammate of the kicker to hold the ball in place, similar to that of the goal kick in
American football, or make use of either a kicking tee or sand (Zhang, Liu, & Xie, 2012).
This allows the kicker to elevate the ball slightly and alter the orientation, further
controlling ball contact. Figure 5 illustrates the use of a kicking tee.

S D'" g
W4

»

Figure 5: Orientation of a rugby ball placed on a kicking tee (BBC, 2016)

Similar to that of the in-step kick utilised in soccer (see Figure 6) the rugby goal kick is
defined by several phases and events. During the approach phase, players build up
speed in the body by taking one to five strides towards the ball. The player approaches
from an angle, orientating the body to facilitate more pelvis rotation during ball contact.
The orientation also causes the body to tilt, lifting the kicking side hip to compensate for
the flexion of the support leg, which effectively lowers the body. This tilt allows for
favourable foot position during ball contact. The final stride during this approach
consists of a leap that is usually much longer than the previous strides. The leap is
initiated by driving of off the kicking side leg, launching the kicker towards the ball. The
moment which the kicker loses contact with the ground is defined as K2. During the
launch phase, the kicker rotates the hip backwards, creating a large range of motion for
the kicking leg. The moment that the supporting side foot is planted next to the ball is
defined as S2 and signals the end of the launch phase and the beginning of the kick
phase. The kick phase lasts from the support leg contact (S2) until contact is made with
the ball (defined as K3). During the kick phase the forward motion of the kicking leg is
initiated by a proximal-to-distal movement of the hip and thigh. The forward rotation is
initiated by pelvic rotation about the hip of the supporting leg following the rotation of
the thigh through hip flexion. The knee of the kicking leg continues to flex until it
reaches maximal allowable flexion after which it begins to extend forward as the thigh
reaches a vertical orientation. As the thigh starts to decelerate just before ball contact,
the shank rapidly accelerates forward, reaching full extension at ball contact. The kicking
leg remains fully extended throughout the early stages of the follow through until the
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knee begins to flex (Atack, Trewartha, & Bezodis, 2014) (Bezodis, Trewartha, Wilson, &
Irwin, 2007).

Figure 6: Sequence of the in-step kick utilised in soccer
(http://footballmedicine.net/rectus-femoris-biomechanics-during-soccer-kick-
performance/).

2.5.2  Performance Indicators

The success of a rugby goal kick is determined by whether the ball travels through the
goal posts (Figure 7a), located on either side of the field. The position, relative to the
goal post, from which the kick must be attempted from, depends in the source of the
attempt, i.e. where the try has been scored or the penalty rewarded. Figure 7b shows
the positions of all the attempted goal kicks during the 2015 Rugby World Cup. In the
case of a scored try, the kicker is allowed to move the kicking position in a straight-line
perpendicular to the try line at the position where the try has been scored. For a
penalty, the kick is attempted from the position where the penalty is given (World
Rugby House, 2016). Both the distance the ball must travel and the angle at which it is
attempted will therefore differ from kick to kick. This variability in kicking position and
distance puts a great deal of demand on the skills of the kicking player. The variability of
the kicking position increases the difficulty of quantifying the performance of a kick,
creating the need to understand the effects of variability in distance and accuracy on the
desired movement required to reach a positive outcome.

17



Stellenbosch University https://scholar.sun.ac.za

Minimum
height 3.4m

5.6m A 3m to top
' edge of bar

Figure 7: (a) Standard rugby union goal post dimensions (World Rugby House, 2016).
(b) Positions of all attempted goal kicks in the 2015 Rugby World Cup
(http://goalkickers.co.za/)

To conclude, the two largest performance indicators of a successful goal kick are the
velocity of the ball post ball contact and the directionality of the ball trajectory
(Linthorne & Stokes, Optimum projection angle for attaining maximum distance in a
rugby place kick., 2014). An important skill for an athlete is the ability to generate ball
speed without sacrificing accuracy. Several studies concluded that the velocity of the
ball strongly correlates to the velocity of the foot at ball contact (Padulo, Granatelli,
Ruscello, & Dottavio, 2013) (Baktash, Hy, Muir, Walton, & Zhang, 2009) (Lees & Nolan,
1998). The velocity of the ball post contact is therefore dependant on the ability of the
athlete to generate sufficient kinetic energy from the body and efficiently transferring
the energy from the body to the ball (Baktash, et al., 2009). Traditionally the ratio
between ball speed, after ball contact, and foot speed before ball contact, is defined as
the Transfer Efficiency of the kick (Simons, 2016). The athlete generates kinetic energy in
the body, transferring the energy in a proximal-to-distal sequence to the ball (Zhang, Liu,
& Xie, 2012). Just generating foot speed is however not enough; athletes are required to
transfer the speed from the foot to the ball in the most efficient manner possible.
Transfer efficiency is therefore the first off field variable that can be determined in a
laboratory environment.

Another important determinant of the performance of the kick, the directionality of the
kicked ball, is directly determined by the position the kick is attempted from. The
manner in which kinetic energy is transferred from the foot to ball, does not only affect
the ball speeds generated, but also the direction of ball travel after ball contact has been
made. The direction of travel is determined by analysing the speed vector of the ball. A
study done by Linthorne and Stokes investigating the optimal elevation angle for
attaining maximum distance in a rugby place kick, found that the angle at which the ball
travels post ball contact, greatly affects the distance travelled by the ball (Linthorne &
Stokes , 2014). The elevation angle resulting in the maximum ball velocity was found to
be 30°. The elevation velocity that a player can produce decreases substantially as the
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elevation angle is increased, reducing the optimal angle to be well below the assumed
459,

To summarise, the performance of the kick can be determined by the ball speed (by
extension the transfer efficiency and foot velocity) and the directionality of the ball (by
extension the directional transfer from the foot to the ball). However, in order to
enhance the performance of goal kickers, it is not only necessary to know the
performance variable of the kicking action, but also which sequences of motion
contributes the most to achieving the required performance variables (see Section 2.5.1)
(Lees, 2002). These motion sequences are invaluable to practically and objectively
determine guidelines to be implemented by coaches and trainers (Simons, 2016).

2.6 THE PROCESSING OF KINEMATIC DATA

The measurement of kinematic data always has some form of error attached to the
signal. These errors are referred to as noise and occupy an undesirable portion of any
waveform. These errors in measurement are caused by soft tissue artefacts, improper
digitization of retro-reflective markers and electrical interference (Winter, 2009).

Traditionally the noise introduced in kinematic data is of a higher frequency than the
true signal and can be removed using various smoothing and curve fitting techniques;
the most common filtering technique being digital filtering (Challis, 1999) (Winter,
2009). Digital filtering functions by attenuating the higher frequency region of the signal,
removing the noise component from the signal without affecting the true signal. The
most common digital filter used for kinematic data is a low-pass Butterworth filter.
When using a low-pass filter the cut-off frequency is selected so that the lower
frequencies remain, yet the higher frequencies are attenuated (Sinclair, Taylor, & Hobbs,
2013). When implementing a standard Butterworth filter, some phase distortion occurs,
causing the data to shift. To eliminate this phase lag, “Butterworth filters can be
modified to become zero-lag filters when the data are processed in both the forward
and reverse directions” (Robertson & Dowling, 2003, p. 569). In addition to eliminating
any phase shift delay, the bi-directional filtering produces a sharper cut-off and is
termed a fourth-order zero-lag shift filter.

“If the relevant frequency content of the raw signal is known, numerous methods are
available to distil the relevant signal. However, in movement analysis it is often
unknown which part of the frequency content represents the actual movement”
(Schreven, Beek, & Smeets, 2015, p. 808). This leaves the decision around the cut-off
frequencies to the discretion of the researcher. Traditionally the cut-off frequency is
selected by means of visual inspection. This is however not a feasible practise as it is
susceptible to human judgement and can be a time consuming endeavour when
multiple signals need to be processed (Challis, 1999). With the introduction of high-
speed digital computers and a growing demand for detailed and accurate information in
human engineering and medical science, more intricate and sophisticated methods of
filtering and smoothing have been developed. Several of these algorithms that use
defined objective criteria for the determination of an appropriate cut-off frequency will
be discussed in a later section (see Section 2.7).
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The following three factors have been identified to have an influence on the selection
criteria for an appropriate frequency: soft tissue artefacts, ill-posedness of time-
derivative estimations and the inherent smoothness of human movement. The effects
they have on the filtering choice will be discussed further in the following sections.

2.6.1  Soft Tissue Artefacts

The largest source of error in the capturing of kinematic data is caused by the effects of
soft tissue artefacts. “It is caused by the erroneous assumption that markers attached to
the skin surface are rigidly connected to the underlying bones”. “Inertial effects, skin
deformation and sliding, gravity and muscle contraction interdependently contribute to
this phenomenon” (Stagni, Fantozzi, Capello, & Leardini, 2005, pp. 320,321). The
frequency of these artefacts is usually similar to that of the bone/skeletal movement
and can therefore not be distinguished by means of any filtering technique. However, in
the case of any external influence on t