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Glossary of Terms
Delayed wrist release: Maintaining the wrist-cock (radial deviation) angle late into the

downswing.
Golf swing hub: The centre of the upper trunk.

Kinetic link principle: High speed at the distal end of a linked system is achieved due to
the sequential acceleration, deceleration and subsequent interactions between

segments.

Optimal coordination of partial momenta: Optimal distal end velocity of a linked
system is achieved when the angular velocities of the segments in the system peak
simultaneously or in an order specific to an individual, not in a proximal-to-distal

sequence.
Proximal-to-distal sequence: Movements characterised by sequential motions of the
segments comprising the linked system, progressing from the most proximal to the
most distal segment.

Rigid body: A section of the human body defined by a proximal and distal joint.
Segment: A group of rigid bodies.

Stretch shortening cycle: An active stretch (eccentric contraction) of a muscle followed
by an immediate shortening (concentric contraction) of that same muscle which
produces enhanced muscular force when compared with an isolated concentric.
Summation of speed principle: A linked system will only achieve maximum end point

velocity if each segment starts its motion at the instant of greatest speed of the

preceding segment and reaches a maximum speed greater than that of its predecessor.

XX



Weight transfer: The movement of weight between the feet typically in the direction

of the shot.

Wrist-cock angle: The radial deviation angle.

X-factor: A descriptive coaching term used to consider the separation between the

axial rotation of the shoulders and the axial rotation of the pelvis.

X-factor stretch: An increase in the magnitude of upper torso and pelvis axial rotation

separation that occurs at the start of the downswing.

XXi



1. Chapter I - Introduction
Golf is a unique sport that can be played and appreciated regardless of age, gender,
socioeconomic group or athletic ability. The use of handicapping also allows player’s of
different abilities to compete against each other on a level playing field. Golf has
become an increasingly popular sport and it was recently estimated that golf is
practiced by 10-20% of the adult population in many countries with 67 million

participant's worldwide (Zheng et al., 2008).

The substant.ial growth in the popularity of golf, the complexity of the golf swing and
an increase in prize money in the late 1980's has stimulated considerable golf science
research (Farrally et al., 2003). Amongst the scientific disciplines which have been
applied to explore the human factors associated with the golf swing is biomechanics.
Biomechanical analyses of the golf swing have been performed to improve golf
performance and reduce the severity and risk of injury (Hume, Keogh and Reid, 2005).
Although a vast amount of biomechanical golf swing analyses have been undertaken,
the complex movement patterns associated with the golf swing are still not completely

understood (Vena et al. 2011a).

One aspect of the golf swing which has received considerable attention in
biomechanical research is the sequencing of motions that comprise the downswing.
Commonly referred to as the timing of the swing, the sequencing of body segmént
motion in the golf swing has become an important theme in golf instruction
(Cheetham et al., 2008; Vena et al., 2011a). It has been suggested that a proximal-to-
distal sequence (Putnam, 1993) can ensure that clubhead velocity increases
throughout the downswing and reaches a maximum at impact (Bunn, 1972; Cheetham
et al., 2008; Vena et al., 2011b). To achieve maximum clubhead velocity, this concept
suggests that the motion of the large proximal segments must ber followed by faster
motion of the smaller distal segments (Bunn, 1972). Each segment should also start its
motion at the instant of greatest speed of the preceding segment and reach a speed

greater than that of its predecessor (Putnam, 1993).
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therefore required to provide a comprehensive understanding of the proximal-to-distal

sequence in the golf swing.

1.1. Purpose of the thesis

The purpose of this thesis was to examine the sequencing of body segment
movements in the golf swing. More specifically, based on a thorough critique of
current literature relevant to the programme of study (Chapter 1) the main aim of this

thesis was to examine the sequencing of segment KE.

1.2. Structure of the report
To address the overall purpose, this thesis comprises seven further chapters which are

structured as follows:

Chapter |l provides a thorough, critical review of the literature relevant to the
programme of research. The literature review considers the underlying principles of
the proximal-to-distal sequence, before examining proximal-to-distal sequencing
research in striking and throwing movements. Kinematic and kinetic analyses of the
proximal-to-distal sequence in the golf swing are then explored, before a critical

review of energetic analyses is provided.

Chapter Il presents the methodology which is used in all subsequent studies to
measure the sequencing of segment KE. This chapter describes the geometric
modelling technique used to collect accurate and reliable body segment inertial
parameters, before outlining the data collection procedure. Furthermore, this chapter

explains the calculation of segment KE and identifies the data analysis protocol.

Chapter IV examines the reliability of the measurement of the magnitude and timing of
peak segment KE in the golf swing. This assessment of test-retest reliability also
provides measures with which future studies can determine the meaningfulness of

differences in segment KE.



Chapter V examines whether a proximal-to-distal sequence of segment KE is evident in
the golf swings of highly skilled players using three different clubs. Chapter V includes
an analysis of the linear and angular components of segment KE as well as an analysis

of total segment KE.

Chapter VI examines the effect of playing standard on the sequencing of segment KE in
the golf swing. This chapter examines the segment KE sequencing profiles of three
categories of golfers, classified according to their current playing standard (CONGU

handicap) using three different clubs.

Chapter VIl assesses the effect of weight transfer style on the sequencing of segment
KE in the golf swing. By considering the centre of pressure in the direction of the shotf
shot, two groups of golfers, a front foot group and a reverse group were established.
Chapter VIl then determines the impact of this swing style classification by examining

whether different sequences of segment KE are exhibited by the two groups.

Chapter VIl summarises and discusses the findings reported in the thesis. This chapter
identifies the practical implications the thesis findings will have in biomechanical golf
swing research and golf coaching. Chapter VIII also highlights the limitations of this
thesis and suggests future directions for the programme of research to progress.

Finally, this chapter provides an overall conclusion for the programme of research.



2. Chapter Il - Literature Review

2.1. Introduction

This literature review will introduce segmental sequencing in open kinetic chain
activities. Then, the review will focus on segmental sequencing in the golf swing.
Initially, underlying principles and descriptions of the proximal-to-distal sequence and
traditional approaches to characterising this phenomenon will be outlined.
Subsequently, these approaches will be reviewed and the effect of a proximal-to-distal

sequence on performance will be examined.

The review will then introduce kinematic and kinetic approaches which have examined
the proximal-to-distal sequence in the golf swing. The appropriateness of these
methods will be discussed before the most pertinent findings are related to
performance. Finally, the review will consider the analysis of segment KE sequencing in
the golf swing. Relevant research will be summarised, before a rationale for the

programme of research is provided.

2.2. Biomechanics of the golf swing

Golf is a fascinating sport because there are many different ways for players to
perform good, effective swings (Adlington, 1996). While its purpose is simple, the golf
swing can be extremely difficult to master. The golf swing is regarded as one of the
most difficult sporting motions to execute given the challenging requirement to swing
a relatively long club at a relatively small ball with high velocities (Lindsay, Mantrop,
and Vandervoort, 2008). The golf swing also requires extremely complex temporal and

spatial movement considerations (Bradshaw et al., 2009).

Until the Royal Society Golf Group (Cochran and Stobbs, 1968) analysed mechanical
properties underlying performance, little theoretical or empirical golf science research
had been performed. However, the increase in the popularity of golf and the
complexity of the golf swing stimulated considerable scientific research. The increase
in prize money in the late 1980s also encouraged more scientific research to be

performed (Farrally et al., 2003). Another major step towards increasing scientific golf
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research was the creation of the World Scientific Congress of Golf in 1990. Since then,
this organisation has been responsible for a substantial amount of golf science

research (Vena et al., 2011a).

Amongst the scientific disciplines which have been applied to explore golf swing
technique is biomechanics. Biomechanics uses mechanical principles to understand
movement (Hume, Keogh and Reid, 2005). Golf swing biomechanics therefore applies
the principles of mechanics to the structure and function of the golfer (Hume, Keogh
and Reid, 2005). Biomechanical analyses of the golf swing have been performed in an
attempt to improve golf performance and reduce the severity and risk of injury (Hume,
Keogh and Reid, 2005). To investigate the factors associated with performance and
injury, biomechanists have used various approaches including the in vivo
measurements and calculation of kinematics and kinetics (Chu, Sell, and Lephart, 2010).
Kinematic analyses provide numerical data that describe movements, whilst kinetic
analyses provide numerical data on the internal and external forces to examine the

causes of movements (Hume, Keogh and Reid, 2005).

Although extensive biomechanical analyses have been performed, the complex
movement patterns associated with the golf swing are still not completely understood.
It has been suggested that biomechanical research has yet to make significant
advances on the landmark work of Cochran and Stobbs (1968) (Farrally et al., 2003).
However, it has also been suggested that it is from the application of sound
biomechanics that performance standards in golf are most likely to be increased

(Farrally et al., 2003; Hellstrom, 2009).

2.2.1. Improving golf swing performance using biomechanics

A primary aim of biomechanical research and analysis is to improve golf performance
which is ultimately defined by lower scores (Hellstrom, 2009; Hume, Keogh and Reid,
2005). However, it is not always possible to perform biomechanical golf swing analyses
on the golf course. In fact, research is habitually performed in a laboratory

environment where it is not possible to directly measure golf performance. Therefore,



in biomechanical research, golf performance has been classified using a variety of
techniques including; clubhead velocity at impact (Ball and Best, 2007a; Myers et al.,
2008; Teu, et al., 2006) post-impact ball velocity (Chu, Sell and Lephart, 2010; Myers et
al., 2008) and golfers handicap (Bradshaw et al., 2009; Cheetham et al. 2008). Since
one of the main determinants of ball speed and ultimately shot distance is the speed
of the club immediately before impact the majority of golf swing research has

classified performance in this way (Tinmark et al., 2010).

Elite golf performance requires players to hit a variety of successful shots using two
principal movements: swing and putting. The majority of biomechanical analyses have
focussed on the complexities associated with the swing with limited research
conducted on putting. This appears to be logical as, according to the Professional Golf
Association (PGA) Tour statistics, the putting stroke only accounted for 35% of all
strokes made during tournament rounds of golf in 2008 (PGA Tour, 2009). The
difference in emphasis could also be explained by the fact that the swing is performed
with 13 clubs compared with putting which is performed with just one (Farrally et al.,

2003).

To understand the factors that underpin elite golf performance, kinematic (Burden,
Grimshaw and Wallace, 1998; Chu, Sell and Lephart, 2010; Lindsay, Horton, and Paley,
2002; Myers et al., 2008; Tinmark et al., 2010) and kinetic (Ball and Best, 20073a;
Betzler et al., 2006; MacKenzie and Sprigings, 2009; Miura, 2001) analyses have been
performed. These analyses have associated variables such as; wrist flexion-extension
angle (Zheng et al., 2008; Chen, Inoue, and Shibara, 2007), left-hand grip strength
(Brown et al., 2011), delayed club release (Pickering and Vickers, 1999), hip rotation
angle (Egret et al. 2006), shoulder motion (Mitchell et al., 2003), trunk lateral bending
(Chu, Sell and Lephart, 2010), lateral and upward shift of the hub (Miura, 2001),
muscle torque coordination (MacKenzie and Sprigings, 2009) and weight transfer style
(Bail and Best, 2007a) with elite golf performance. Furthermore, the x-Factor —a
descriptive coaching term used to consider the separation between the rotation of the
shoulders and the rotation of the pelvis — has frequently been examined in peer

reviewed biomechanical studies. Numerous analyses have associated increased upper
7



torso and pelvis separation at the top of the backswing with elite golf performance
(Burden, Grimshaw, and Wallace, 2001; Cheetham et al., 2001; Myers et al., 2008). It
has been reported that professional golfers (Cheetham et al., 200; Zheng et al., 2008)
and golfers who generate high clubhead velocities (Chu, Sell and Lephart, 2010; Healy
et al., 2011; Myers et al., 2008) produce larger upper torso and pelvis separation

compared to amateur golfers and golfers who generate low clubhead velocities.

The sequential rotation of the pelvis and thorax during the downswing has also been
the subject of a considerable amount of research (Burden, Grimshaw and Wallace
2001; Cheetham et al., 2001; Horan et al., 2010). By initiating the downswing with the
rotation of the hips towards the target, it has been suggested that skilled golfers are
able to increase the magnitude of upper torso and pelvis separation (x-factor stretch)
(Fletcher and Hartwell, 2004; Horan et al., 2010: McTeigue et al., 1994). Furthermore,
the sequential rotation of the hips and shoulders has enabled professional golfers to
rotate faster than amateur golfers and subsequently allowed them to generate
increased clubhead velocities (Cheetham et al., 2001). These performance benefits
associated with the x-factor stretch have been attributed to the enhanced utilisation of
the stretch—shortening cycle (Cheetham et al., 2001). The rapid rotation of the pelvis
early in the downswing is believed to increase the eccentric stretching of muscles in
the trunk before they concentrically contract subsequently increasing the power

produced (Horan et al., 2010).

Another variable which has provided the basis for numerous golf swing analyses is the
delayed release of the club (Pickering and Vickers, 1999; Sprigings and Mackenzie,
2002; Sprigings and Neal, 2000). These analyses have suggested that maintaining the
wrist-cock (radial deviation) angle late into the downswing increases wrist angular
velocity later in the downswing which subsequently increases clubhead speed and
ultimately shot distance (Jorgensen, 1970; Sprigings and Mackenzie, 2002). Optimally
tim'ed release of the club has been associated with advances of 1.6% (Sprigings and
Mackenzie, 2002), 2.5% (Pickering and Vickers, 1999), 2.9% (Jorgensen, 1970) and 9%
(Sprigings and Neal, 2000) in clubhead speed at impact. It has also been indicated that



less skilled golfers release and accelerate their club earlier than highly skilled players

(Robinson, 1994; Zheng et al., 2008).

The proximal-to-distal sequence has also received considerable attention in
biomechanical research. Since the landmark work by Cochran and Stobbs (1968), the
proximal-to-distal sequence has become an important theme in golf swing instruction.
Sequential motions associated with this movement pattern such as the x-factor stretch
and delayed wrist release have been acknowledged as a possible means to ensure that
clubhead velocity increase throughout the downswing and achieves its maximum at
impact (Bunn, 1972; Burden, Grimshaw and Wallace 1998; Cheetham et al. 2008;
Putnam, 1993; Vena et al. 2011a).

2.3. The proximal-to-distal sequence

In many sporting movements, the body can be modelled as an open linked system of
rigid segments in which the distal end is able to move freely through space (Putnam,
1993). The theory underpinning the proximal-to-distal sequence states that, to
produce high speed at the distal end, movements should be characterised by
sequential motions of the segments comprising the system, progressing from the most

proximal to the most distal segment (Morehouse & Cooper, 1950).

The proximal-to-distal sequence is often referred to as a whip-like action and can be
easily understood when one considers the motion used to crack a whip (Fradet et al.,
2004; Hirashima et al., 2008; Sprigings and Mackenzie, 2002). To do this, the handle is
rapidly accelerated before being rapidly decelerated. This deceleration of the handle is
the key to achieving transfer of speed through the whip. It causes each segment of the
system to build on that of the previous segment and ultimately causes increased distal

end speed.

2.3.1. Principles of the proximal-to-distal sequence

One of the most influential concepts underlying the theory of the proximal-to-distal

sequence is the summation of speed principle proposed by Bunn (1972). This principle
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segment sequencing by examining linear velocities of segment endpoints, joint angular
velocities and segment angular velocities (Marshall and Elliott 2000). Kinetic analyses
have examined joint forces and joint moments (Hirashima, Kudo and Ohtsuki, 2003;
Naito, Fukui, and Maruyama, 2010) whilst energetic analyses have assessed segment
KE (Anderson, Wright and Stefanyshyn, 2006), joint power (Nesbit, 2005) and work
(Sprigings and Mackenzie, 2002).

Kinematic analyses of body segment sequencing in terms of linear velocities have
demonstrated that in open kinetic chain movements the distal ends of segments get
progressively faster in a proximal-to-distal sequence (Fradet et al., 2004). Describing
movement in these terms has also provided a description of the instantaneous
kinematic contributions of individual segments to distal segment speed (Elliott,
Marshall, and Noffal, 1995). However, descriptions of segmental sequencing in these
terms have limited value as they are unable to examine the sequencing of movements
that are predominantly rotational (Putnam, 1993) - such as trunk motion in the golf

swing.

Since we typically think of motion as a series of joint rotations, analyses of joint
angular velocities can make it easy to visualise movements (Putnam, 1993).
Furthermore, using equations outlined by Zajak and Gordon (1989), analyses of joint
angular velocities can be used to examine sequential motions as it can lead to an
explanation of how the motion at each joint contributes to the final speed of the distal
segment (Herring and Chapman, 1992). However, this technique requires the angular
velocity of the most proximal segment participating in the sequence, the angular
velocities of the joints at the proximal end of the remaining segments and the linear

acceleration of the proximal end of the linked system be known (Putnam, 1993).

Kinematic analyses in terms of segment angular velocities also provide clear
desériptions of the proximal-to-distal sequence. Although it can be difficult to visualise
motion from this data, it may be advantageous to describe motion in these terms
(Putnam, 1993). In a similar fashion to the analysis of joint angular velocities, analyses

of segment angular velocities can lead to an appreciation of how the motion of each
12



segment ultimately contributes to the final speed of the distal segment in a linked
system. In addition, analyses of segment angular velocities allow an appreciation of the
causes of segment motion sequences to be determined even if the linear acceleration

of the proximal end of the linked system is not known (Putnam, 1993).

Linear and angular kinematic analyses can all provide a description of motion. However
to gain a comprehensive understanding of the mechanisms that produce body motion
it has been suggested that a kinetic analysis would be more beneficial (Feltner and
Dapena, 1989; Herring and Chapman, 1992). Kinetic analyses examine the factors
responsible for the production of motion by calculating the joint forces and joint
moments exerted on a segment (Nunome, et al., 2006). Joint forces are the resultant
of all muscular and non-muscular forces acting at or across a specific joint (Feltner and
Dapena, 1989) whilst joint moments are the result of muscle forces, ligament forces
and forces due to articular surface contact acting about a specified joint (Challis and

Kerwin, 1996).

Joint motion in multi-limb systems not only result from joint forces and joint moments
about its corresponding joint axis but also from the net moment originating from other
joint rotations (motion-dependent moment) (Naito, Fukui, and Maruyama, 2010).
Therefore, the examination of motion-dependent moments can provide further insight
- into the proximal-to-distal sequence. By re-organising the typical Newtonian equations
of motion Putnam (1991) enabled the interaction between two adjacent segments
(proximal thigh and distal shank) in two-dimensions to be examined. However, in most
sporting movements the motion of any given joint is influenced by three-dimensional
(3D) multi-joint motions of the entire body (Feltner and Dapena, 1989). Despite the
complexity associated with motion-dependent interactions in 3D, dynamical models
have been developed in kicking research which examined the cause-effect relationship
between the motion of the standing leg, the trunk and the kicking leg joint motion

(Nafto, Fukui and Maruyama et al., 2010; Nunome et al., 2006).

Investigating movements using kinetic analyses can provide substantial information on

the cause-effect relationship between the motions of numerous segments and provide
13
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Hirashima et al., 2008), the tennis serve (Elliott et al., 1986; Marshall and Elliott, 2000),
javelin throwing (Mero et al., 1994; Whiting, Gregor, and Halushka, 1991) and ball
kicking (Dorge et al., 2002; Nunome et al., 2006; Khorasani et al., 2009).

2.4.1. Kinematic analyses of striking and throwing movements

A kinemati-c chain, characterised by increased maximum linear velocity of segments in
a proximal-to-distal sequence was originally identified in the tennis serve (Elliott,
Marsh, and Blanksby, 1986). A proximal-to-distal sequence is also believed to be
critical for obtaining fast release speeds in javelin throwing as the linear speeds of joint
centres increased from the shoulder to the hand (Liu, Leigh, and Yu, 2010; Whiting,
Gregor, and Halushka, 1991; Mero et al., 1994). Mero et al. (1994) suggested that the
orderly progression of peak linear speeds describes how KE may be transferred from
the proximal shoulder segment to the distal javelin segment. In Javelin throwing
research, it has also been suggested that upper extremity motion patterns that are
inconsistent with the proximal-to-distal sequence cause shorter throwing distances to

be produced (Whiting, Gregor, and Halushka, 1991).

Using a more complex analysis technique to examine segment angular velocities, a
proximal-to-distal sequence from the trunk to the wrist has been reported in other
striking and throwing movements. Woo and Chapman, (1994) reported that during the
squash forehand a proximal-to-distal sequence was evident in both the timing and
magnitude of peak linear velocities of segment end-points and peak angular velocities
of the striking arm. Furthermore, in the tennis serve, Gordon and Dapena (2006)
suggested that the rotation of the lower trunk was followed by the rotation of the
upper trunk and the sequential motions of shoulder abduct_ion, elbow extension, ulnar
deviation rotation and wrist flexion. The results of these studies clearly suggest that, in
striking and throwing movements, sequential motion for the upper extremities are

crit_ical for obtaining high speed at the distal end of a linked system.

The majority of kinematic research has found support for the proximal-to-distal

sequence in open kinetic chain movements. However, the literature suggests that
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there are aspects of these movements where modifications are seen in the proximal-
to-distal sequence. For example, in the squash forehand (Marshall and Elliott, 2000)
and tennis serve (Elliott et al., 1995; Gordon and Dapena, 2006; Marshall and Elliott,
2000) it has been suggested that, rotations around the longitudinal axes do not follow
a proximal-to-distal sequence. More specifically, Elliott et al., (1995) demonstrated
that in the tennis serve, the internal rotation of the upper arm occurred late in the
motion sequence and made a significant.contribution to racquet velocity at impact.
Marshall and Elliott, (2000) also suggested that in both striking movements, the
internal rotation of the upper arm occurred simultaneously with or after wrist flexion,

much later than predicted.

In handball throwing, the existence of the proximal-to-distal sequence has also been
questioned. Fradet et al. (2004) only identified a proximal-to-distal sequence in the
magnitude of joint angular velocities. The timing of peak angular velocity did not follow
a sequential pattern as maximum angular velocity of the shoulder joint occurred after
maximum angular velocity of the elbow. Similarly, Liu et al. (2010) reported that, for a
group of elite javelin throwers, peak right shoulder internal rotation occurred after
peak right elbow extension velocity. In these movements, it is possible that extending
the elbow slightly before internal rotation of the shoulder can reduce the moment of
inertia and enable athletes to achieve larger distal end angular velocities (Fleisig, et al.,

2003).

Kinematic striking and throwing research has als(o questioned the utilisation of
sequential trunk rotation in the generation of distal end speed. An analysis of angular
motion in the tennis serve suggested that maximum upper torso angular velocity
preceded maximum pelvis angular velocity (Fleisig et al., 2003). Furthermore in
handball throwing it has been suggested that players throw with their arm and do not
use the sequential motion of the trunk to generate high velocity at the distal segment
(Fra.det et al., 2004). It was suggested that in an attempt to make their opponents
commit an error, handball throwers adopt a non-sequential movement pattern (Fradet

et al., 2004).
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In summary, the majority of striking and throwing research has provided support for
the proximal-to-distal sequence. When high speed at the distal end of a linked system
is required it would appear that the proximal-to-distal sequence is desirable. However
the literature suggests that in certain striking and throwing movements, internal
rotation of the upper arm occurs late in the movement, out of sequence. It has also
been indicated that in more open movements such as the tennis serve or throwing in
handball, in an attempt to make opponents commit an error, the rotation of the trunk

also occurs out of sequence.

2.4.2. Kinetic analyses of striking and throwing movements

Whilst kinematic analyses provide a description of movement patterns, kinetic
analyses, through the examination of joint torques and motion-dependent interaction
torques can provide an understanding of the mechanics that cause movements
(Hirashima et al., 2008). Kinetic analyses of open kinetic chain multi-joint striking and
throwing movements have provided evidence that proximal joints create a dynamic
foundation for distal segment motion (Cross, 2005; Hirashima et al., 2008; Putnam,
1993). The motion of the proximal segment, produced by large muscles, has been
reported to produce powerful interaction torques which can be exploited by distal
segments to generate large velocities (Gribble and Ostry, 1999; Hirashima et al., 2008;

Putnam, 1991).

Support for the kinetic chain and influence of motion-dependent interaction moments
has been provided in kicking (Dorge, et al., 2002; Nunome et al., 2006; Putnam, 1993),
overarm throwing (Hirashima, Kudo, and Ohtsuki, 2003; Hirashima et al., 2007) and
baseball pitching (Feltner and Dapena, 1989). In soccer kicking, it has been reported
that as a result of the motion-dependent interaction moments, the angular velocity of
the thigh, early in the forward swing was closely related to the angular acceleration of
the_ lower leg (Dérge et al., 2002). It has also been suggested that, as the angular
velocity of the lower leg was still increasing after a backward knee muscle moment
was exhibited, the acceleration of the lower leg is dominated by the interaction

moment caused by the movement of the proximal segment (Nunome et al., 2006).
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Therefore, faster distal segment angular velocities have also been attributed to larger

motion-dependent interaction moments (Dorge et al., 2002b; Nunome et al., 2006).

In a kinetic analysis of the torques exerted on the throwing arm during baseball
pitching, the velocity of elbow extension prior to ball release was associated with the
angular velocity of the upper arm and trunk and not with the torque produced by the
elbow extensor muscles (Feltner and Dapena, 1989). In a 2D kinetic analysis of a
throwing, it was also reported that elbow muscle torque was produced to assist the
interaction torque produced by the motion of the shoulder (Hirashima, Kudo, and
Ohtsuki, 2003). These 2D studies suggest that distal segment speed is created by the
preceding motion of the proximal segments. However, these analyses assumed that
there was no angular velocity about the longitudinal axis of each segment. The
kinematic analyses reported in section 2.4.1 (Gordon and Dapena, 2006; Marshall and
Elliott, 2000), suggested that such an assumption is clearly not justifiable in analyses of

striking and throwing movements.

The utilisation of motion-dependent interaction torques in the development of distal
segment speed has subsequently been reported in more comprehensive, 3D analyses
of throwing activities (Hirashima et al., 2007; Hirashima et al., 2008). These 3D
analyses also reported that the interaction torques produced by the angular velocity of
the distal forearm segment contributed to the internal rotation of the shoulder joint
late in the movement sequence (Hirashima et al., 2008). This distal-to-proximal
sequence was related to the moment of inertia of the upper arm around the
longitudinal axis reducing as the elbow was extended from a right angle to full
extension (Hirashima et al., 2007). Therefore, it would appear that as a result of
changes in system inertia particularly around the longitudinal axis, interaction torques
produced by the distal segments have a positive effect on the motion of proximal

segments (Hirashima et al., 2008).

Kinetic analyses have also provided evidence that, to enable athletes to avoid injury,
interaction torques produced by the distal segment are also utilized to decelerate the

motion of proximal segments (Hore et al., 2011). For example, in kicking, negative
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interaction torques produced by the movement of the lower leg act as a safety
mechanism and enable the thigh segment to be decelerated late in the movement
sequence (Hore et al., 2011). Similarly, in 2D throwing, shoulder deceleration before
ball release was related to the interaction torque produced by motion of the elbow

and not from shoulder antagonist muscle activity (Hirashima, Kudo and Ohtsuki, 2003).

Whilst the role of the interaction torque produced by the distal segment appears to be
unclear, the role of muscle torque produced by the distal segments has been well
defined in kinetic striking and throwing literature. Research has suggested that distal
segment muscle torques are predominantly employed to regulate the interaction
torques produced by the proximal segments (Gribble and Ostry, 1999; Hirashima et al.,
2003; Pigeon et al., 2003). 2D (Hirashima et al., 2003) and 3D throwing (Hirashima et
al., 2007) analyses have reported that wrist joint muscle torques exactly counteracted
the interaction torque produced by the proximal segment. In baseball batting, it has
also been suggested that a backward wrist torque was applied late in the downswing

to control the interaction torques produced by the proximal segments (Cross, 2005).

2.4.3. Summary of the proximal-to-distal sequence in striking and

throwing movements
The proximal-to-distal sequence has been associated with both mechanical and
muscular rewards which enable high speed at the distal end of a linked system to be
produced. Kinematic research examining striking and throwing movements suggested
that a proximal-to-distal sequence of linear and angular velocities is evident in a
variety of movements. However, these studies also reported that internal rotation of
the upper arm can occur late in the motion sequence, after elbow extension. It has
also been suggested that in more open loop movements such as the tennis serve and
handball throw, the rotation of the trunk can occur out of sequence in an attempt to

make opponents commit an error.

Kinetic analyses of striking and throwing movements indicated that when a proximal-

to-distal sequence is adopted the motion of the most proximal joint creates a dynamic
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foundation for the entire movément. The interaction torques produced by this motion
enabled higher speeds at the distal end of a linked system to be produced. Similar to
kinematic analyses, these kinetic analyses also sdggested that as a result of the
moment of inertia around the longitudinal axis reducing after the elbow extends
internal shoulder rotation occurred later than expected in the motion sequence. The
kinetic analyses also reported that the internal rotation of the shoulder was caused by

an interaction torque produced by the rotation of the distal segment.

2.5. Proximal-to-distal sequencing in the golf swing
The following quote taken from Herring and Chapman (1992) attests to the durability
of the proximal-to-distal sequence in the golf swing: 'l thought to digest the general
rules of motion into verse which are these:

All motions with the strongest joints performe

Lett the weaker second and perfect the same

The stronger joint its motion first most end

Before the nixt to move in the least intend’

- Thomas Kincaid, 9 February 1687

Little theoretical or empirical research supported this principle until Cochran and
Stobbs (1968) suggested that the most effective golf swings adopt a proximal-to-distal
sequence of body segments. Since this study, the sequencing of body segments has
become an important theme in golf swing instruction and research as it is believed
that it can ensure that clubhead velocity increases throughout the downswing and
achieves its maximum at impact (Burden, Grimshaw and Wallace, 1998; Cheetham et

al., 2008; Vena et al., 2011a).

2.5.1. Kinematic analyses of sequencing in the golf swing

The proximal-to-distal sequence requires several attributes to be evident in the golf
swing; all body segments should accelerate and decelerate before impact whilst the
club should reach peak velocity at impact (Herring and Chapman, 1992). The order of

peak velocity should be proximal-to-distal and each velocity peak should be larger than
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2000; Myers et al., 2008). The initial rotation of the pelvis increases the stretch on the
large, powerful muscles in the trunk and enables the stretch shortening cycle to be
utilised to increase the force of the concentric muscle contraction (McTeigue et al.,
1994; Welch et al., 1995; Myers et al., 2008). However, it has also been suggested that
pelvis and shoulder separation beyond a certain point may have a negative impact on
clubhead velocity (Komi, 2000). Excessive forward rotation of the hips or late initiation
of shoulder rotation can place excessive stretch on trunk muscles and contribute to a

reduction of muscular force (Joyce, Burnett and Ball, 2010; Welch et a/., 1995).

Research using angles created by projecting segmehts onto a global plane has provided
support for the proximal-to-distal sequence (McTeigue et al., 1994; Burden, Grimshaw
and Wallace, 1998; Myers et al., 2008). These sequential rotations suggest that golfers
are able to take advantage of the mechanical benefits associated with the summation
of speed and kinetic link principles as well as the muscular advantages associated with
the SSC. However, this analysis technique only represents one component of segment
rotation along a single imposed axis (Vena et al., 2011a). As the golf swing is a complex
three-dimensional movement it has been suggested that it is important for golf swing
analyses to consider other components of trunk rotation such as trunk lateral bending
and flexing as they can have a large impact on the resultant magnitude and timing of
peak angular trunk rotation velocity (Chu, Sell and Lephart, 2010; Hellstrom, 2009).
Furthermore, in the golf swing, the hips leading the downswing is also just one phase
of a much more complex movement pattern (Robinson, 1994). Therefore, to gain a
more complete understanding of golf swing mechanics it is important to consider
other components of trunk rotation and the rotations of other body segments (Vena et

al., 2011a).

More comprehensive three-dimensional kinematic analyses of the proximal-to-distal
sequence in the golf swing have been performed by assessing the sequence in which
joinf angular velocities (Zheng, 2008) and segment angular velocities (Cheetham et al.,
2008; Neal et al., 2007; Tinmark et al., 2010) achieve their maximums. Analyses of the
proximal-to-distal sequence in terms of joint angular velocities can provide a

description of the actual anatomical motion which occurs at each joint (Rodacki et al.,
22



2001). However, the use of analyses of joint angular velocities has been limited to an
examination of the effect of playing standard on golf swing related injuries (Zheng et
al., 2008). It was reported that whilst professional players adopted a proximal-to-distal
sequence, less skilled players accelerate the club towards the ball at the beginning of
the downswing causing maximum distal joint angular velocities to be achieved much

earlier (Zheng et al., 2008).

Descriptions of the proximal-to-distal sequence in the golf swing have been most
frequently made in terms of segment angular velocity components. This form of
analysis has been termed the kinematic sequence by Cheetham et al. (2008). Although
there appears to be agreement that a description of the kinematic sequence is the
most appropriate way to analyse the proximal-to-distal sequence in the golf swing, a
number of different techniques and definitions of the segment co-ordinate system

have been used (Brown, Selbie and Wallace, 2013).

Neal et al. (2007) used four Polhemus sensors attached to the pelvis, upper torso, left
arm and left hand to proyide position and orientation data for a model of five body
segments. The motion of the forearm was predicted on the basis of the motion of the
arm and hand. Resultant angular velocities were calculated with respect to each
segment’s local coordinate system. This was defined along the principal axis and had
its origin at the centre of the proximal joint. The proximal-to-distal sequence has also
been analysed using only three body segments (Cheetham et al., 2008; Tinmark et al.,
2010). Tinmark et al. (2010) used three Polhemus sensors to examine the motion of
the pelvis, torso and hand. They calculated the resultant angular velocity for each
segment with respect to the global coordinate system. Meanwhile, Cheetham et al.
(2008), used four Polhemus sensors to analyse the sequential motion of three body
segments (pelvis, thorax and upper arm) and a club segment. Using a similar method
to Neal et al. (2007), Cheetham et al. (2008) described rotations in relation to each
seghent’s anatomical coordinate system. However, they only considered one
component of rotation for each segment. For the pelvis and thorax, angular velocity

was represented by the component around the superior-inferior axes whilst, for the
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arm and club, the angular velocity component around a normal to the instantaneous

swing plane was reported.

Regardless of analysis technique or segment configuration, these kinematic analyses
unequivocally suggested that the magnitude of segment angular velocities increased
sequentially from the most proximal to the most distal segments (Cheetham et al.;
2008; Neal et al., 2007; Tinmark et al., 2010). However, the proximal-to-distal
sequence also requires peak segment angular velocity to be achieved in a proximal-to-
distal order. These analyses of segment angular velocities provided far less conclusive -

evidence about the timing of peak segment angular velocity in the golf swing.

For professional (Cheetham et al., 2008) and highly skilled male and female (Neal et al.,
2007) golfers it has been suggested that the timing of peak segment angular velocities
followed a proximal-to-distal sequence. The proximal-to-distal sequence has also been
identified in miss-timed shots when clubhead speed is dramatically reduced (Neal et al.,
2007). However, in these lower quality shots, the separation between the pelvis and
upper body was much larger at the start of the downswing and pelvis angular velocity
reached its peak much earlier in the downswing than in well-timed shots (Neal et al.,
2007). Research has also suggested that the existence of a proximal-to-distal sequence
in the timing of peak segment angular velocity is dependent on playing standard
(Cheetham et al., 2008). Although, regardless of playing standard, peak pelvis angular
velocity occurred first, for the amateur players, peak trunk angular velocity occurred

after peak arms angular velocity (Cheetham et al., 2008).

These studies (Cheetham et al., 2008; Neal. et al., 2007) appear to present similar
findings which have practical relevance for less skilled players and support the
existence of the proximal-to-distal sequence. However, the results of both studies
were not supported by statistical analyses. Closer inspection of the results actually
indfcated that peak thorax and peak upper arm angular velocity occurred at a similar
time (Table 2.1). Without support from statistical analysis, the results reported by
Cheetham et al. (2008) also suggest that similar timing sequences were produced by

professional and amateur golfers.
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Table 2.1 Time (ms) of peak angular velocity prior to impact.

Cheetham et al. (2008) Neal et al. (2007)
Pros Amateurs Males Females
Mean SD Mean SD Mean SE Mean SE
Pelvis 87 19 78 38 113 2 116 2
Thorax 68 14 59 29 74 2 88 2
Arm 65 8 64 23 73 2 83 2
Forearm 53 3 19 2

Note- SD — Standard deviation, SE — standard error

Using a three segment model, Tinmark et al. (2010) established that a proximal-to-
distal sequence in the timing of segment angular velocities was used by elite golfers in
full golf swings with the emphasis on distance and in partial golf swings with the
emphasis on accuracy. The existence of a proximal-to-distal sequence in partial shots is
consistent with studies of skilled individuals in reaching movements (Yamasaki et al.,
2008), piano playing (Furuya and Kinoshita, 2007) and overarm throwing at different
speeds (Hirahsima et al., 2007). These studies all suggested that the proximal-to-distal
sequence is required to control the accuracy of the movements. However, the findings
presented by Tinmark et al. (2010) could be questioned as a three segment model was
used which ignored the motion of the arms. Previous research (Cheetham et al., 2008;
Neal et al., 2007) has suggested that peak angular velocity of the upper arm occurs at a
similar time to peak angular velocity of the thorax. Therefore, due to its close
proximity to the club, the most distal segment, the use of the hand segment is more

likely to produce a proximal-to-distal sequence.

Similar to the studies which used angles projected onto the transverse plane, more
complex kinematic analyses have suggested that the pelvis should initiate the
downswing and precede the rotation of the thorax. When the rotation of three or
more segments has been considered, research has unquestionably suggested that the
magnitude of peak segment velocity followed a proximal-to-distal sequence. It has also
been suggested that a proximal-to-distal sequence in the timing of peak segment
angular velocities is evident in the swings of highly skilled players. However a number

of methodological limitations, particularly a lack of statistical analysis and the use of
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only one additional arm segment have been identified which question the validity of

these results.

Descriptions of the proximal-to-distal sequence in terms of the angular velocity of
body segments relative to a reference frame imposed on that segment have frequently
been used in the golf swing. However, it has been suggested that comprehensive
descriptions of movement sequences require the translational and rotational
components of movement to be calculated (Teu et al., 2006). Despite the widespread
use of the previously described methodologies and popularity of the kinematic
sequence (Cheetham et al., 2008), these conventional analysis methods make no

reference to the translation of body segments.

The instantaneous screw axis (ISA) technique can decompose segment motion into a
translational velocity in the ISA direction and a rotational velocity from a rotation in
the ISA orientation (Ying and Kim, 2005). Therefore, the ISA technique can provide the
best representation of segment motion in the golf swing (Vena et al., 2011a).
Furthermore, by intuitively choosing the location and orientation of a coordinate
system more accurate expressions of angular velocity can be achieved (Vena., 2011a).
This is especially important if the segment rotation does not occur about a fixed point.
For example, in the golf swing, the rotation of the pelvis should occur about the right
leg during the back swing and then about the left leg at impact for a right-handed
golfer (Vena et al., 2011a). Use of ISA technique would show this change in the
rotation axis as it allows the axis of rotation to change position and orientation during

movement (Woltring, 1994).

Vena et al. (2011a) validated the ISA technique for use in golf swing analyses as they
suggested that the majority of hip, shoulder and arm displacement is the result of
rotation about the ISA (Teu and Kim, 2006). Using a three segment model comprising
of the pelvis, shoulders and left forearm, and the ISA method, inconclusive findings
were reported about the existence of the proximal-to-distal sequence in the golf swing
(Vena et al., 2010b). For all five low-mid handicap golfers, the magnitude of segment

angular velocities increased from the most proximal to the most distal segment.
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However, a proximal-to-distal sequence in the timing of peak segment angular
velocities was only evident for two of the golfers. The others adopted a subject specific

pattern of peak segment angular velocities (Vena et al., 2011a).

Despite the advantages previously associated with the ISA method, Vena et al.,(2011a)
did not consider the translation of body segments. The limited use of this technique in
golf swing analyses may also be explained by the difficulty associated with the physical
interpretation of the results. The ISA method is not compatible for describing the

clinical motions of flexion / extension, adduction-abduction and internal rotation-

external rotation (Ying and Kim, 2002). The ISA technique is also heavily dependent on
segment rotation magnitude (Duck, Ferreira, King, and Johnson, 2004). At instances of
low angular velocity, it may not be possible for an instantaneous axis of rotation to be

defined (Duck et al., 2004).

In addition to the ISA technique another complex analysis method using a dual Euler
angles algorithm (Teu et al., 2006) has been used to analyse segmental sequencing in
the golf swing. Although the joint coordinate system (Grood & Suntay, 1983) and Euler
angle convention (Chao, 1980) are biomechanical standards for describing angular
motion, Teu et al. (2006) suggested that the complete description of motion using
these techniques requires segment translation to be calculated using an additional
three-dimensional position vector. Therefore, as the dual Euler angle algorithm
considers both linear and angular components of motion it can provide a more
comprehensive representation of 3D motion. Furthermore, using this technique linear
and angular components can be merged into dual numbers and treated as a single

entity (Teu et al., 2006).

Another advantage of the dual Euler angle method compared to the ISA technique is
that it can provide intuitive physical interpretation (Ying and Kim, 2002). Therefore,
thi§ technique has been considered suitable for analysing the sequencing of segment
motions in the golf swing (Teu et al., 2006). Although, Teu et al. (2006) did not examine
the proximal-to-distal sequence using this technique, they did suggest that longitudinal

axis rotations, external rotation of the upper arm and supination of the forearm were
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important movements in the development of clubhead speed late in the downswing.
Teu et al. (2006) also determined that torso rotation and left arm motion made the

largest contribution to clubhead speed at impact.

2.5.1.1. Summary of kinematic analyses of sequencing in the golf swing
In summary, it is apparent that there is a lack of agreement amongst researchers
regarding the most appropriate kinematic technique to analyse the proximal-to-distal
sequence in the golf swing. Numerous techniques of varying complexity ranging from
the calculation of segment rotation from the relative angle between two one-
dimensional lines to the calculation of segment angular velocity from a non-stationary
axis have been used. Regardless of technique, kinematic analyses have suggested that
the magnitude of angular velocity increases sequentially from the proximal to the
distal segments. The majority of these analyses have also suggested that for
professional players the timing of peak angular velocity also followed a proximal-to-
distal sequence. However, several methodological limitations have been identified

which question the validity of these results.

2.5.2. Kinetic analyses of sequencing in the golf swing

A fundamental question that cannot be answered by kinematic analyses is why the
proximal-to-distal sequence is apparent in the golf swing? The previously discussed
kinematic analyses only provide a description of golf swing motion. To provide an
explanation of segmental sequencing in the golf swing it is necessary to understand

the underlying kinetics (Tinmark et al., 2010; Neal et al., 2007).

Few if any athletic disciplines have formed the basis of as many models and
simulations as the golf swing. The most likely reason for this is the underlying
complexity of the seemingly simple task of bringing a golf club in contact with a ball
(Betzler, et al., 2008). As a result of this complexity, every golf swing model is an
approximation, with many variables being neglected that are judged or calculated to
be of minor importance (Sprigings and Neal, 2000). The relative simplicity of many

models may also be explained by the difficulty associated with understanding the
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influence of each motion-dependent interaction torque (Neal et al., 2007). The use of
overly complex models has also been cautioned against as the large number of
intertwined independent variables can be extremely difficult to interpret (Sprigings

and Neal, 2000).

The first attempt at understanding the underlying kinetics of the golf swing was made
by Cochran and Stobbs (1968). To gain an insight into the basic golf swing mechanics
Cochran and Stobbs (1968) modelled it using a double pendulum. Since then, various
double pendulum models have been used to investigate the mechanics of the golf
swing (Jorgensen, 1994; Pickering and Vickers, 1999; Milburn, 1982). In a double
pendulum model, the upper lever is formed by the golfer's shoulders and arms and the
lower lever represents the club. The two levers are connected by a hinge representing
the golfer's hands and wrists. This hinge only works in a single plane in which the
upper lever is swung about a fixed point which roughly corresponds to a point in the

middle of the golfer's chest.

Using this simple double pendulum model Cochran and Stobbs (1968) reported that
maximal clubhead velocity was achieved if the release of the distal segment followed
that of the more proximal segment. Cochran and Stobbs (1968) also reported that, an
increase in the forward acceleration of the upper lever would tend to increase the
acceleration of the lower lever. Since this initial study, the main use of the double
pendulum model in the golf swing has been to examine the timing of wrist release. It
has been reported that, early uncocking of the wrist joint dramatically reduces the
speed of the clubhead at impact (Jorgensen, 1994; Pickering and Vickers, 1999;
Milburn, 1982). These studies have also provided support for the summation of speed
principle and the proximal-to-distal sequence. It has been suggested that fast, early
rotations of the torso segment enable the uncocking of wrist to be delayed and

subsequently produce higher clubhead speeds (Sprigings and Neal, 2000).

The double pendulum model has the clear advantage of simplicity. However, its ability
to reproduce the typical movements of the golf swing has been questioned as it cannot

account for the interactions between the arm and shoulder (Turner & Hills, 1998) and
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the rotations of the torso (Betzler et al., 2008; Sprigings and Neal, 2000). It has been
suggested that a two-dimensional, three-segment model with a second hinge
representing a simplified shoulder joint provides a reasonable compromise in the level
of complexity required to examine the golf swing ( Betzler et al., 2008; Sprigings and

Neal, 2000) - Figure 2.1.

shoulder

Figure 2.1 Three segment model comprising torso, left arm and club positioned at the top of the

backswing, taken from (Sprigings and Neal, 2000).

Two-dimensional three segment models have provided further support for the
benefits of a delayed wrist release in the golf swing. It has been suggested that,
improvements of 1.6% (Sprigings and MacKenzie, 2002) and 9% (Sprigings and Neal,
2000) in clubhead speed can be achieved if an optimally timed muscular wrist torque
is applied just before impact. Cross (2005) questioned whether a golfer is capable of
applying a wrist torque late in the downswing. However, in support of the proximal-to-
distal sequence, it has been suggested that, the natural release of the clubhead is a
function of the angular acceleration of the segments proximal to the wrist joint and
can be delayed by employing a coordinated sequence of torso and arm segment
accelerations (Sprigings and Mackenzie, 2002). Two dimensional three segment
models have also indicated that optimal performance is only achieved if the counter-
clockwise rotation of the torso initiates the downswing (Sprigings and Neal, 2000).
Furthermore, these models have suggested that in the downswing, activation of
torque generators in a proximal-to-distal sequence produced the highest clubhead
speed (Sprigings and Neal, 2000; Sprigings and MacKenzie, 2002). Simultaneous

activation of the joint torque generators, reduced clubhead speed at impact (Sprigings
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and Neal, 2000) and activation of the arms prior to the torso also decreased clubhead

speed at impact (Turner and Hills, 1998).

Although the use of three segment models significantly increased the ability to
replicate the golf swing, the golf swing is fundamentally 3D, not planar (MacKenzie and
Sprigings, 2009). Therefore, more realistic, yet more complex models have been
developed that consider the movement offhe body and club in 3D. Although these 3D
models haven’t focussed on the sequencing of body segments, it has been suggested
that angular movements of body segments in the golf swing should adhere to the
proximal-to-distal sequence (MacKenzie and Sprigings, 2009). Using a three segment,
3D model, MacKenzie and Sprigings (2009) also reported that the optimal activation of
torque generators was in a proximal-to-distal sequence with the torso being activated

first.

The previously described kinetic analyses have advanced the understanding of the
proximal-to-distal sequence in the golf swing. However, unlike kinetic analyses of
striking and throwing movements which provided an explanation of segment motion
sequences, they have yet to provide a comprehensive understanding. A possible
explanation is that the full golf swing is one of the most difficult sporting movements
to model (MacKenzie and Sprigings, 2009). The many possible interactions make the
task of determining how each motion-dependent torque influences the other
segments’ motion extremely challenging (Neal et al., 2007). The ability of kinetic golf
swing analyses to provide an explanation of the underling mechanics is also reduced by
the fact that golfers generally grip the golf club with both hands. Consequently, a
closed-loop is created which increases the complexity of any inverse or forward
dynamics model as an assumption has to be made with regards to the load distribution
between the two arms (Betzler et al., 2008). This has led to the vast majority of models
ignoring the right arm or combing both arms in one segment (Miura, 2001; Pickering
and.Vickers, 1999; Sprigings and Neal, 2000) and limited the ability of kinetic models to

replicate the actual motion of the body in the golf swing.
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Kinetic analyses of the proximal-to-distal sequence in the golf swing have also not
considered the motion of the whole body. Even, the most complex 3D models have
only considered three body segments (MacKenzie and Sprigings, 2009). These three
segment models have not examined the role of the legs, or accounted for any
translation of the torso during the downswing (Sprigings and Mackenzie, 2002). It has
been suggested that peak clubhead speeds were increased when the central trunk hub
moved towards the target (Jorgensen, 1994). Furthermore, an upward shift of the
central rotation axis has also been associated with increase clubhead speed at impact
(Miura, 2001). Therefore, for kinetic analyses to accurately represent the golf swing,
more complex models which consider the translational motion of the trunk would

need to be developed.

2.5.2.1. Summary of kinetic analyses of sequencing in the golf swing

In summary, the sophistication of kinetic golf swing models ranges from very simple to
very complex. Regardless of which model has been used it is apparent that golf swing
modelling has improved our understanding of the proximal-to-distal sequence. The
wrist action has been of particular interest to researchers and it has been shown that
clubhead velocity at impact can be increased by delaying wrist release. Furthermore,
kinetic analyses have reported that optimal clubhead speeds can be achieved if the
onset of torques generators follows a proximal-to-distal sequence. However, more
complex 3D models which consider the translational movements of the trunk are

required to provide comprehensive support for this notion.

2.6. Analyses of kinetic energy

Ina systerﬁ of multiple linked segments, the distal end speed is determined by the
magnitude, distribution and transfer of KE (Ferdinands, 2011). Therefore, to achieve
maximum distal end velocity in open kinetic chain movements, it is thought that the
body must be manoeuvred in such a way as to transfer the most amount of energy
from the proximal, to the more distal segments (Chu, Sell and Lephart, 2010). In the
golf swing, skilled performance has also been linked with the concept of energy

transfer (Hume; Keogh and Reid, 2005; Cheetham et al., 2008; Chu, Sell and Lephart,
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2010). It is thought that the successful transfer of energy from proximal to distal
segments can lead to increased clubhead velocities being produced (Ferdinands,
Kersting and Marshall, 2012; Kreighbaum and Barthels, 1985). However, the term
energy transfer has regularly been used when analyses have actually examined the

sequencing of segment angular velocity.

Energy is a well-known physical quantity that, despite its popularity in golf literature, is
not well understood. Energy takes many forms including nuclear, electrical, and
chemical but the form of interest to sports biomechanists is mechanical energy
(Robertson et al., 2005). Mechanical energy can appear as KE; the energy a mass
possess because it is in motion and potential energy; the energy a mass possesses
because of its position (Nigg, Maclntosh, & Mester, 2000). In other words, energy is

the motion of particles or the potential to create motion (Robertson et al., 2005).

All of the methods of determining the mechanical energy of a system are indirect as
there is no direct way to measure the flow of energy into the system (Robertson et al.
2005). The transfer of energy in human movement can be analysed using two distinct
methods; the segmental energy calculation and the joint energy calculation (Nigg,

Maclintosh and Mester, 2000; Wells, 1988; Winter, 1987).

The joint energy approach was first used by Elftman (1939) to quantify joint power and
energy for the ankle, knee and hip during walking. The joint energy approach utilizes
the work-energy relationship to describe the sources of segmental energy (Winter,
1987). Using this approach, changes in mechanical energy can be computed by
determining the work done on a body by resultant joint forces and resultant joint
moments of force at segment endpoints (Robertson et al., 2005; Wells, 1988). The
output of this approach enables the collective effect of various body motions to be

summarised and the transfer of energy to be studied (Winter, 1987).

Using the joint energy approach, Nigg, Maclntosh and Mester (2000) suggested that
the total power flowing to or from a segment (Piota1) can be calculated using the power

due to the resultant joint force (P;:) and that due to the resultant joint moment (Py)
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(Equation 2.1). Winter (1987) noted that power could enter a joint through reaction
forces at segment endpoints and was a product of that segment’s translational velocity
(Equation 2.2). Furthermore, using the angular velocity of a given segment (w,) Winter

(1987) described the power at a joint for a given muscle moment (M) (Equation 2.3):

Piotar = Z(Pjr + Py) Equation 2.1
Pip=Fv Equation 2.2
Pp=M(w; — w,) Equation 2.3

Joint energetics and the sources of power have been examined in the golf swing using
a three segment model (Sprigings and Mackenzie, 2002). Using a forward dynamics
approach to optimise the model variables, Sprigings and Mackenzie (2002) calculated
the power at each joint produced by the muscular torques and joint contact forces.
The results indicated that the timing of work done followed a proximal-to-distal
sequence and that muscular power increased distal segment energy at the expense of
decreasing energy in the proximal segment. Although this model applied a high level of
realism in the muscle models, they did not account for an onset of muscle torque
during the backswing when golfers typically produce force to initiate the downswing

(Cheetham et al., 2001).

Perhaps the most comprehensive investigation into joint power in the golf swing was
performed by Nesbit (2005). This analysis was performed using a variable 3D full body
computer model of a human golfer coupled with a flexible golf club model (Nesbit,
2005). The model assumed that the load between both hands was distributed equally
and that all joints were either ball and socket or hinge. The results supported the
notion that a delayed wrist motion is extremely important in the generation of large
cIuBhead velocities (Nesbit, 2005). However, rather emphasising the importance of
retarding wrist torques as proposed in earlier simulation studies (Sprigings and Neal,
2000; Sprigings and Mackenzie, 2002), the overall coordination of body movements

and path of the hands was suggested as the mechanisms that enabled the outward
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movement and uncocking of the wrists to be delayed (Nesbit, 2005). The ability to do
work was also related to skill level as the better golfers were able to do more work
rapidly through impact and subsequently generate increased clubhead velocities
(Nesbit, 2005). In a later study, Nesbit and Serrano (2005) calculated the work done at
each joint in the model using a joint power approach. The results indicated that the
back (lumbar and thoracic) and hip joints generated up to 72.2% of the total work
done in the swing (Nesbit and Serrano, 2005). Approximately 26% of the total work
was contributed by the shoulders and arms. Furthermore, Nesbit and Serrano (2005)
suggested that the generation of work and transfer to the club is predominantly a
bottom-up, proximal-to-distal phenomenon where a segmental summation of work

occurs as the swing progresses.

Although the joint energetic analysis has provided useful information regarding the
proximal-to-distal sequence, the difficulties associated with the complex estimation of
the net muscle moments and net joint reaction force have limited the use of this
technique (Betzler et al., 2008). The accuracy of joint power analyses also depends on
a number of assumptions made in the biomechanical modelling process. This method
relies on the assumption of spherical joints between segments and joint power
measurements are also dependent on the estimation of muscle moments applied at
the joint (Anderson, Wright and Stefanyshyn, 2006). Due to these associated
difficulties, this technique has had limited use and researchers have tended towards
the simpler segment energy approach, (Wells, 1988). Furthermore, it has been
suggested that the most accurate way to assess total energy in analyses of human
motion and in particular analyses of the golf swing is to use the segmental energy

approach (Anderson, Wright and Stefanyshyn, 2006).

The measurement of segmental energetics provides a direct assessment of the
quantity of energy a segment contains (Stefanyshyn, 1996). Analyses of segment
enérgetics also enable the destinations of the created energy to be identified
(Stefanyshyn, 1996). Wallace Fenn (1930) was the first to use this approach to
determine the energetics of human body motion. Fenn (1930) determined the

instantaneous mechanical energy of a segment (Equation 2.4) during walking and
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running by summing the translational KE (Equation 2.5) and rotational KE (Equation 2.6)
with the potential energy (Equation 2.7). Total body energy was then calculated as the

sum of the energies from each segment (Metzler, 2002).

Total KE = Translational KE + Rotational KE + Potential Energy Equation 2.4

Translational KE = %mv2 Equation 2.5
Rotational KE = %Iw 2 Equation 2.6
Potential Energy = mgH Equation 2.7

where:
m = mass of the segment
v = translational velocity of the segment centre of mass
I = moment of inertia of the segment
® = angular velocity of the segment
g = acceleration due to gravity

H = height of the segment centre of mass

Analyses of segment KE can be extremely useful in movements when maximal speed of
the distal segment is required (Slawinski et al., 2010). The effectiveness of these open
kinetic chain movements can be established by examining the magnitude and timing of
peak segment KE (Slawinski et al., 2010). Analyses of segment KE can also be used to
give an indication of the flow of energy through a I‘inked system (Wells, 1988). It may
not be possible to actually measure the transfer of energy through a linked system as
changes in segment energy could occur because of muscular activity (Metzler, 2002;
Wells, 1988). However, if one segment loses energy and one gains energy, it is possible
that the positive changes resulted from energy transfer (Williams and Cavanagh, 1983).
Despite this limitation, it has been suggested that the most comprehensive

quantification of segmental sequencing is in terms of segment KE (Stefanyshyn, 1996).
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The analysis of segment KE has many advantages over conventional kinematic analyses
of human movement. Unlike analyses of velocity, this analysis technique considers the
inertial properties of segments and is independent of direction (Anderson, Wright and
Stefanyshyn, 2006). Analyses of segment KE are also appropriate for examining
movement sequences as it enables linear and angular components of movement to be
considered separately and as a single entity (Bechar et al., 2009). The KE of individual
segments can also be summed to enable the movements of the whole body to be
examined simultaneously (Bechard et al., 2009). Furthermore, analyses of KE are
related to the square of velocity which makes them significantly more sensitive to
subtle changes in technique than analyses of linear or angular velocity (Bechard et al.,

2009).

These advantages of analyses of segment KE demonstrate that as a technique it
provides a more comprehensive and flexible approach to the analysis of sports
movements than traditional kinematic approaches. Therefore, since the pioneering
works of Fenn (1930), there has been considerable interest in the analysis of segment
KE during human movement. Segment KE has been examined during walking
(Usherwood, 2005), in running gait to examine the transition between walking and
running (Segers, et al., 2007), in sub-maximal and maximal jumping to establish the
energy benefit of the arm swing (Lees, Vanrenterghem and De Clercq, 2004) and in
rowing to compare the magnitude of segment KE at racing and training paces (Bechard

et al., 2009).

Analyses of segment KE have also been used to examine the proximal-to-distal
sequence in open kinetic chain movements such as the sprint start (Slawinski et al.,
2010) and cricket fast bowling (Ferdinands, Kersting and Marshall, 2012). Slawinski et
al. (2010) provided support for the principle of optimal coordination of partial
momenta (Van Gheluwe and Bebbelinck, 1985) in the sprint start. It was suggested
thaf to increase the efficiency of this movement total KE should be maximised just
before the blocks were cleared. More specifically it was indicated that this could be
achieved through better synchronisation of the movements of the head, trunk and

lower limbs with the movements of the upper limbs (Slawinski et al., 2010). In contrast,
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Ferdinands, Kersting and Marshall (2012) provided support for the kinetic link principle
(Kreighbaum and Barthels, 1985) in cricket fast bowling. Although there were some
notable deviations from the proximal-to-distal sequence such the simultaneous peak in
forearm and hand rotational kinetic energies the data provided good evidence that
sequential timing of peak segment KE constitutes an important component of effective
bowling performance. The early timing of thoracic linear KE and the sequentially later
timings of the arm movements were strongly predictive of ball speed (Ferdinands,

Kersting and Marshall, 2012).

2.6.1. Analyses of segment kinetic energy in the golf swing

The most appropriate quantification of segmental sequencing as defined by the kinetic
link principle is in terms of KE (Ferdinands, 2011). As a result, the concept of energy
transfer has been frequently discussed in scientific golf literature (Hume; Keogh and
Reid, 2005; Cheetham et al., 2008; Chu, Sell and Lephart, 2010). Despite this popularity
and the many advantages associated with the analysis of segment KE, until recently

there was no description of the transfer of KE in the golf swing.

The first study to examine the sequencing of segment KE in the golf swing used a
kinematic golf model and kinematic data from 45 scratch golfers to calculate total KE
of four linked segments as the sum of rotational and translational energies (Anderson,
Wright and Stefanyshyn, 2006). The sequencing of segment KE has also been examined
by calculating KE using a forward dynamics simulation model in which the muscle
torques were driven by three-dimensional kinematic data captured from a single elite
male golfer (Kenny, et al., 2008). Regardless of the calculation technique it was
reported that the magnitude of peak segment KE increased sequentially from proximal
to distal segments (Anderson, Wright and Stefanyshyn, 2006; Kenny, et al., 2008). This
finding is in agreement with the results of the kinematic studies which suggested fhat
the_magnitude of peak angular velocity followed a proximal-to-distal sequence.
However, unlike the timing of angular velocities in kinematic analyses which, in general,
provided support for the summation of speed principle, the timing of peak segment KE

did not follow the same sequential pattern. Instead, the results provided support for
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the principle of optimal coordination of partial momenta (Van Gheluwe and Hebblinck,
1985). The three human based segments (Lower Body, Upper Body and Arms) peaked
simultaneously at approximately 80% of the downswing movement time whilst peak

club segment KE occurred significantly later in the swing, just before impact.

The different timing sequences reported in the analyses of segment KE and segment
angular velocities may be caused by analyses of segment KE considering the
translational movements of body segments. It is possible that the translational
movements of the lower body, trunk and arms segments which have been highlighted
as important components of skilled golf swings (Beck et al., 2013; Hume, Keogh and
Reid, 2005; Nesbit and McGinnis, 2009) do not conform to the proximal-to-distal
sequence. The different timing sequences may also be explained by examining the
segments involved in each type of analysis. The analyses of segment KE were able to
consider the motion of every body segment involved in the golf swing whilst the
kinematic analyses considered the motion of much fewer segments. More specifically,
the contribution of the legs and the right arm were considered in the KE analyses
(Anderson, Wright and Stefanyshyn, 2006; Kenny et al., 2008) whilst the majority of
kinematic analyses ignored these segments (Cheetham et al., 2001; Teu et al., 2006;
Tinmark et al., 2010; Vena et al., 2011b). Furthermore, only Neal et al. (2007)
considered the angular velocity of all the segments comprising the lead arm. Most

other studies only considered the more distal segments such as the hand.

Although the sequencing of segment KE has been examined in the golf swing, a
comprehensive understanding has yet to be formulated. Both of the previously
described studies only considered the sequencing of total segment KE.

It has been suggested that comprehensive analyses of segment motion in the golf
swing should consider both translational and rotational movements (Vena et al.,
2011a). Therefore, an examination of the linear and angular components of segment
KE Would take advantage of the benefits associated with the KE technique and provide
a more detailed description of the complex movement patterns associated with the

golf swing. This information could be used to educate golfers on the best approach to
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2.6.2. Summary of segment kinetic energy in the golf swing

The concept of energy transfer has frequently been discussed in scientific golf
literature but a paucity of scientific research has examined this notion. Research has
reported that the magnitude of peak segment KE increased sequentially from proximal
to distal segments. It has also been indicated that for three human based body
segments peak KE occurred simultaneously at approximately 80% of the downswing
movement time whilst peak club segment KE occurred significantly later, just before
impact. Although the research has presented comparable results only highly skilled
players and the sequencing of total segment KE has been examin'ed. The effect of club
type has also not been analysed in detail. Therefore, further research is required to

provide a more detailed exploration of the sequencing of segment KE in the golf swing.

2.7. Three-dimensional data capture

To enable the sequencing of segment KE in the golf swing to be analysed, kinematic
descriptions of the golf swing were required. Kinematic analyses of human movement
require the body to be considered as a system of rigid bodies linked at joints (Maletsky,
Sun, and Morton, 2007). Kinematics can then be described by measuring the motion of
these rigid bodies (Maletsky, Sun, and Morton, 2007). In any analysis of human
movement accurate and reliable kinematic data are required (Richards et al., 1999)

and the choice of data collection system is therefore important.

Three-dimensional (3D) motion capture systems provide a means of quantifying whole
body motion (Richards et al., 1999). In golf swing analyses, two categories of
instrumentation have commonly been used: electromagnetic and optoelectronic.
Electromagnetic systems use electro-magnetic sensors and an electro-magnetic source
box to determine the position and orientation of segments in laboratory space whilst
optoelectronic systems use infra-red cameras and retro-reflective markers identify

body segment position and orientation (Richards et al., 1999).

Traditionally, much of the 3D data collection in scientific golf swing literature has been

performed using optical tracking systems (Coleman and Anderson, 2007; Egret et al.,
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2003; Healy et al., 2011; Myers et al., 2008; Zheng et al., 2008) as they can provide
extremely accurate kinematic data (Richards et al., 1999). However, in recent years, as
a result of new hardware design and error correction, new generations of
electromagnetic tracking systems have shown impressive improvements with respect
to accuracy and sensor size (Hummel et al., 2005). It has been suggested that
electromagnetic tracking systems have reached a level of sophistication where the
positions and orientations of sensors can be determined with accuracies that have
clinical relevance (Frantz et al., 2003). Furthermore, electromagnetic tracking systems
enable 3D position and orientation to be collected and analysed in real time (Mills et
al., 2007), they do not suffer from marker occlusion problems as the body is
transparent to magnetic fields (Frantz et al., 2003) and they are extremely portable (Ng
et al. 2007). Therefore, the use of electromagnetic tracking systems in golf swing
analysis has become more prevalent (Cheetham et al., 2008; Neal et al., 2007; Teu et

al., 2006; Tinmark et al., 2010).

2.7.1. Electro-magnetic tracking systems

Generally, an electromagnetic tracking system comprises a small sensor, an
electromagnetic transmitter and an electronic controller. The transmitter and sensor
both contain three orthogonal coils; the coils in the transmitter generate three
orthogonal magnetic fields that induce electrical currents in the sensor coils (Barratt et
al., 2001). The relative strengths of the induced currents are used to calculate precisely,
the 3D position and orientation of the sensor in relation to the transmitter (Barratt et

al., 2001).

Two types of electromagnetic tracking system are commercially available. In principle,
the tracking methods used by both systems are identical (Hummel et al., 2005)
however the systems differ in the manner in which they generate magnetic fields.
Altgrnating current devices (Polhemus Inc., Colchester, VT, USA) generate continuously
varying magnetic fields whilyst, direct current devices (Ascension, Burlington, USA) use
quasistatic magnetic fields. It has been suggested that the devices are capable of

tracking body motion with a similar level of accuracy (Barratt et al., 2001). However, it
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is possible that direct current devices are less susceptible to errors caused by the
presence of metals within the magnetic field as measurements can be taken once the

direct current magnetic field has stabilized (Milne et al., 1996).

The accuracy of translational and rotational measurements is a major concern when
describing the relative motion of the human body (Bull, Berkshire and Amis, 1998). As
such, numerous analyses have been performed to determine the accuracy of various
electromagnetic tracking systems (Bull, Berkshire and Amis, 1998; Mills et al., 2007;
Milne et al., 1996; Richards et al., 1999). It has been suggested that during a static trial,
an electromagnetic tracking system (Polhemus), was capable of measuring the
distance between two sensors (40 cm) with a root mean square (RMS) error of 3 mm
and a maximum error of 6.6 mm (Richards et al., 1999). More recently, it has been
reported that an electromagnetic tracking system (Aurora, Northern Digital Inc.,
Waterloo, Canada) was capable of measuring the distance between two static sensors
(50 cm) with a maximum translational error of just 0.5 mm (Schuler et al., 2005). It has
also been reported that, under static conditions, the Aurora electromagnetic tracking
system had a maximum rotational error of 1° (Schuler et al., 2005). These results
suggest that during static trials electromagnetic tracking systems can collect kinematic
data with acceptable accuracy. However, static trials are not reflective of motion

capture in golf swing analyses.

The accuracy of positional and rotational movements made by the 'Flock of Birds'
(Ascension, Burlington, USA) electromagnetic tracking system has been examined
using a technique reflective of their use in kinematic analyses (Milne et al., 1996). It
was reported that, when operating within its optimal range, the Ascension system had
a maximum positional error of 1.0 mm, a mean error of 1.8% of the translational step
size for steps of 25 - 150 mm and a mean rotational error of 1.6% of the rotational
increment for rotations of 1 - 20° (Milne et al., 1996). It was concluded that the
Ascénsion system was sensitive enough to determine positional and rotational changes
of 0.25 mm and 0.1° respectively. Using a very similar technique, Bull, Berkshire and
Amis, (1998) also reported that the Flock of Birds Ascension system was capable of

measuring sensor translation with a mean error of 0.2% for step sizes of 25 - 200 mm.
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A slightly larger mean rotational error of 2.0% was reported for a rotation range of 0.7

- 29.8° (Bull, Berkshire and Amis, 1998).

It has been suggested that for kinematic analyses, estimates of length are acceptable if
errors of less than 3 mm are produced (Klein and DeHaven, 1995). Therefore, the
previously described results suggest that electromagnetic tracking systems are capable
of measuring sensor positions with the required accuracy to provide acceptable
measures of length (An et al., 1988; Barratt et al., 2003; Bull, Berkshire and Amis 1998;
Milne et al., 1996). The relatively small errors provided for rotational measurements
also suggest that electromagnetic tracking systems can measure sensor orientation
with acceptable accuracy. However, optical tracking systems have traditionally been
regarded as the gold standard for kinematic measures (Hasan, Jenkyn and Dunning

2007).

2.7.2. Optical tracking systems

The linear accuracy of optical tracking systems has been examined by measuring the
distance between two markers attached to a reference bar (Everert et al., 1999). Using
two markers 10 cm apart, the accuracy of linear measurements made using the
Northern Digital's 'Watsmart' optical tracking system was examined at nine locations in
a capture volume (Haggard and Wing, 1990). For all nine locations, it was reported that
the standard deviation of the length of the bar was between 2.1 and 3.4 mm and was
independent of location (Haggard and Wing, 1990). Using two markers 50 cm apart it
has also been reported that the mean estimate of length (49.87 + 0.35 cm) produced
by the Ariel Performance Analysis optical tracking system was accurate and
independent of location (Klein and DeHaven, 1995). Furthermore, the rotational
accuracy of the Ariel Performance Analysis optical tracking system was examined by
attaching three markers to a goniometer, one at the axis and one at the end of each
arm. This system achieved high levels of rotational accuracy as a mean error of 0.26 +
0.21° was reported for angles (10 - 180° at 10° increments) created by these markers

(Klein and DeHaven, 1995).
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The previously described studies (Haggard and Wing, 1990; Klein and DeHaven, 1995)
provided support for the accuracy of static linear and rotational measurements made
using optical tracking systems. To provide further support for the use of optical
tracking systems in kinematic analyses the linear and rotational accuracy of the Motion
Analysis Expert Vision system was examined using markers moving unsystematically
during gait and sit-to-reach motions (Vander Linden, Carlson and Hubbard, 1992).
Although the known distance (180.00 mm) between markers was consistently
underestimated in gait (177.1 mm) and sit-to-reach (176.8 mm) motions mean
rotational errors of just 0.5° from 20 - 90° and 0.6° from 100 - 160° were reported
(Vander Linden, Carlson and Hubbard, 1992).

The most comprehensive study of optical tracking system accuracy determined the
accuracy of seven such systems (Richards et al 1999). When measuring the distance
(50 cm) between two stationary markers, they reported that five of these systems
produced a root mean square (RMS) error of less than 1.0 mm. Although the RMS
error increased to 2.0 mm when the sensors were moving these systems retained
sufficient accuracy of linear measurements (Richards et al., 1999). The seven optical
tracking systems were also capable of measuring the absolute angle formed by three
markers within 1.5° of the actual angle (95.8°) and with a RMS error of 3.0°.
Furthermore, the most accurate optical tracking system (Motion Analysis Corporation)
was able to estimate this angle within 0.1° of the actual angle and with a RMS error of
just 1.7°. More recently it has been suggested that the Optotrak 3020 (Northern Digital
Inc., Waterloo, Canada) optical tracking system was able to measure translation and
rotation with high accuracy (Maletsky, Sun and Morton, 2007). This system measured
the change in position between two markers (30 mm in 10 mm steps) with a mean
error of just 0.03 mm and it also measured the change in rotation (30° in 10°
increments) with a mean error of just 0.04° (Maletsky, Sun and Morton, 2007). In
summary, the majority of studies suggested that optical tracking systems can measure

marker translation and rotation with acceptable accuracy.

The results from the previously described studies suggested that similar levels of

accuracy can be achieved using optical and electro-magnetic tracking systems.
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Furthermore, in a study which examined the accuracy of both types of system,
Richards et al., (1999) concluded that the accuracy of position and orientation data
acquired from both studiés was comparable. Further support for the use of
electromagnetic tracking systems in kinematic analyses has been provided (Hassan,
Jenkyn and Dunning, 2007). In an analysis of upper arm and forearm kinematics
performed using the Flock of Birds electromagnetic tracking system and Motion
Analysis Corporation optical tracking system (Santa Rosa, CA, USA) it was suggested
that both systems performed with acceptable accuracy (Hassan, Jenkyn and Dunning,
2007). The mean errors in the estimation of elbow flexion-extension and internal-
external angles for the optical tracking systems were -0.92° and -1.28° compared to -
1.09°and -1.23° respectively for the electromagnetic tracking systems (Hasan, Jenkyn

and Dunning, 2007).

2.7.3. Practical considerations of data capture systems

When comparing electro-magnetic and optical tracking systems it has been suggested
that electromagnetic tracking systems can produce position and orientation
information faster than optical tracking systems as only minimal data processing is
required (Evans et al., 2012; Richards et al., 1999). Furthermore, a major advantage of
using electromagnetic tracking systems is that the 3D position and orientation of
multiple sensors can be made in real time at up to 240 frames per second (Mills et al.,
2007; Ng et al., 2007). This can be extremely useful in kinematic analyses of the golf
swing as the quality of data can be assessed in real-time (Ng et al., 2007). It also
provides electromagnetic tracking systems with a distinct advantage when large
sample sizes are required as data processing can take up to 30 minutes per trial when

optical tracking systems are used (Evans et al., 2012; Richards et al., 1999).

Another advantage of using electromagnetic tracking systems in golf swing analyses is
thafc the body is transparent to magnetic fields (Frantz et al., 2003; Mills et al., 2007).
Unlike optical tracking systems which require an unobstructed optical path between
the sensors and cameras to be maintained, electromagnetic tracking systems are not

subject to the same marker occlusion problems (LaScalza, Arico and Hughes, 2003). In
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golf swing analyses, optical tracking systems can also experience problems caused by
marker accumulation (Betzler et al., 2006). Marker occulsion and marker accumulation
can cause data to be lost and subsequently increase post-collection data processing
time (Evans et al., 2012). Although these issues can be addressed by using an
appropriate number of cameras with proper spacing and orientation achieving this set-
up takes significantly longer than the set-up of a electromagnetic tracking systems

(Evans et al., 2012; Hasan, Jenkyn and Dunning, 2007).

The increasing popularity of electromagnetic tracking systems in golf swing analyses
may also be explained by their portability (Ng et al., 2007). Unlike optical tracking
systems which require fixed equipment and are therefore often confined to an indoor
laboratory (Richards et al., 1999; Betzler et al., 2006) it is relatively easy to transport
electromagnetic tracking systems to a range of testing venues (Schuler et al., 2005).
Furthermore, electromagnetic tracking systems have become a popular choice for 3D
data capture due to their low cost (Barratt et al., 2001; Schuler et al., 2005; Mills et al.,
2007). Low cost optical tracking systems are available; however, the accuracy of these
systems has been questioned. In static and dynamic tests of linear accuracy, a low cost
optical tracking system (OptiTrack, Natural point, OR, USA) produced higher errors
than a high cost system (Vicon System, Oxford, UK) (Thewlis et al., 2011). It was also
reported that measurements of lower body angular kinematics produced by these

systems differed by up to 4.2°

Despite these advantages of electromagnetic tracking systems there are limitations
concerning their use in kinematic data capture. For example, the accuracy of
electromagnetic tracking systems can be heavily compromised by presence of metal
objects within the capture volume (Barrett et al., 2001; Mills et al., 2007). This reduced
accuracy is caused by the development of eddy currents in nearby metal objects,
which subsequently produtes a secondary magnetic field and causes the magnetic field
emﬁitted from the transmitter to be distorted (LaScalza, Arico and Hughes, 2003). This
susceptibility to metal interference can limit the type of kinematic analyses for which
electromagnetic tracking systems are suitable (Ng et al., 2007). It has also been

suggested that when electromagnetic tracking systems are used outside of their
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optimal range the decay of the magnetic field range produces increased positional and
rotational errors (Bull, Berkshire and Amis, 1998; Day, Murdoch and Dumas, 2000;
Meskers et al., 1999; Milne et al., 1996). Research has suggested that electromagnetic
tracking systems can operate optimally when sensors are within 55 cm (Schuler et al.,
2005), 70cm (Day, Murdoch and Dumas, 2000) and 76 cm (Richards et al., 1999) of the

transmitter.

These limitations have the potential to limit the accuracy of kinematic golf swing
analyses. However, it has been suggested that appropriate calibration protocols can
improve the performance of these systems (Richards et al., 1999). Calibration
processes create a distortion map of the volume and enable errors associated with
metallic interference and magnetic field decay to be reduced (Richards et al., 1999).
Furthermore, calibration procedures can enable accurate data to be collected in
environments previously considered unsuitable for electromagnetic tracking systems

(Day, Murdoch and Dumas, 2000).

Although errors associated with metallic interference and magnetic field decay can
influence the accuracy of kinematic data collected using electromagnetic tracking
systems, kinematic data collections with optical tracking systems are not without
limitations. It has been suggested that the accuracy of these systems is decreased
when rigid bodies are rotated away from the optical axis of the cameras (Klein and
DeHaven, 1995; Scholz, 1992; States and Pappas, 2006). Vander Linden, Carlson and
Hubbard (1992) suggested that larger errors (1.0°) were produced in the measurement
of angles (110 - 160°) when markers were rotated by 45° compared to errors produced
(0.5°) when the markers were rotated into the plane of the camera. This decreased
accuracy may have been caused by distortion of the image of the spherical marker
when they were rotated away from the optical axis of the camera (States and Pappas,
2006). Marker occulsion and marker accumulation can also cause data to be lost and
suBsequently increase post-collection data processing time (Evans et al., 2012).
Therefore, in movements that produce significant rotations such as the golf swing this

limitation negatively affects the accuracy of kinematic data collections.
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2.7.4. Summary of three-dimensional data capture systems

It is apparent both 3D kinematic data capture systems have a number of associated
advantages and limitations that must be considered before they are used in golf swing
analyses. Optical tracking systems are expensive, suffer from marker occlusion,
accumulation and distortion and require considerable post data collection processing.
Electromagnetic tracking systems can be susceptible to interference from ferrous
metals and have a limited capture volume. However, if appropriate calibration
protocols are followed, electromagnetic tracking systems and optical tracking systems
can collect kinematic data of comparable accuracy suitable for measuring 3D position

and orientation in the golf swing.

2.8. Summary of literature review

The literature review sought to provide an overview of the research and issues
associated with the programme of study. The review highlighted that the mechanical
and muscular rewards associated with the principles of the proximal-to-distal
sequence can enable high speed at the distal end of a linked system to be produced.
Due to these advantages, segmental sequencing has become an influential concept in
the literature and has therefore been examined using kinematic, kinetic and energetic
analyses. In general, kinematic and kinetic analyses have provided support for the
existence of the proximal-to-distal sequence in striking and throwing movements.
Kinematic analyses of varying complexity also identified that a proximal-to-distal
sequence was evident in the swings of skilled golfers. Furthermore, kinetic golf swing
analyses also suggested that maximum clubhead speed was generated if the onset of

torque generators followed a proximal-to-distal sequence.

Although kinematic and kinetic analyses have provided insight into the sequencing of
body segments in the golf swing the literature review suggested that distal end speed
in the golf swing was determined by the magnitude and transfer of KE. Furthermore, it
was identified that analyses of segment KE provide the most accurate way to assess
human motion. Research has indicated that although the magnitude of segment KE

increases in a proximal to distal order, peak segment KE for three human based
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segments occurred simultaneously just before impact. Based on this review and the
close scrutiny of these analyses it has been suggested that further research is required
to examine the effect of playing standard and club type and also to examine the

translational and rotational components of segment KE.

Finally; the literature review assessed methodological considerations associated with
the collection of accurate and reliable 3D position and orientation. The review
suggested that if appropriate calibration protocols are followed, electromagnetic
tracking systems and optical tracking systems can collect kinematic data of comparable

accuracy suitable for measuring 3D position and orientation in the golf swing.

2.9. Thesis aim and hypotheses

The overall aim of this thesis was to address the research question; is a proximal-to-
distal sequence of segment KE evident in the golf swing? It was hypothesised that the
magnitude of peak total segment KE would conform to the kinetic link principle and
increase sequentially from the most proximal to the most distal segment. In contrast, it
was also hypothesised that the timing of peak total body segment KE would conform
to the principle of optimal coordination of partial momenta as peak total body
segment KE would occur simultaneously with peak total Club segment KE occurring
later in the downswing just before impact. This thesis also sought to examine the
translational and rotational components of total segment KE. It was hypothesised that
both the magnitude and timing of these components of total KE would follow a

proximal-to-distal sequence.

In order to provide a comprehensive answer the overall research question, a series of
studies were designed with associated sub research questions. To establish if a
sequence of segment kinetic is used by highly skilled golfers the first of these studies
sought to answer the research question; does club type have an effect on the
sequencing of segment KE in the golf swings performed by highly skilled players? The
thesis also sought to examine if this sequence was bespoke to highly skilled players by

answering the research question; does playing standard affect the sequencing of
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segment KE in the golf swing? Finally, it is possible that different swing strategies are
used in the golf swing which might affect the sequencing of body segment movements.
Therefore, the final study sought to answer the research question; does weight

* transfer style affect the sequencing of segment KE in the golf swing?
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It also requires the inertial parameters mass, centre of mass location (COM) and

moment of inertia (MOI) to be estimated for each rigid body.

Several methods have been used to calculate body segment inertial parameters (BSIP)
which fall into three main categories; regression based techniques (Hindrichs, 1985;
Yeadon and Mortlock, 1989), scanning techniques (Durkin and Dowling, 2006; Pearsall
and Reid, 1996), and methods based on geometric modelling (Hanavan, 1964; Hatze,
1980; Jensen, 1978). Using simple input parameters such as height and body mass
regression based techniques allow the rapid estimation of BSIP. However, the
determined parameters are not fully customised to an individual's body morphology
(Lariviere and Gagnon, 1999). As small changes in BSIP estimates can have a significant
influence on kinetic measures the use of this technique has the potential to reduce the

accuracy of measures of segment KE (Damavandi et al., 2009).

Scanning techniques such as magnetic resonance imaging (MRI), gamma ray scanning,
dual-energy X-ray absorptiometry (DEXA) and computed tomography (CT) enable the
accurate BSIP measurements to be made directly on humans (Durkin and Dowling,
2003). However, because of inaccessibility, financial expense, the need for highly-
trained operators and their time consuming nature, it is generally not practical for
investigators to use these techniques in scientific studies (Damavandi, Farahpour and

Allard, 2009).

Geometric models can provide accurate, subject specific BSIP estimates and they are
often seen as a compromise between data collection time and accuracy (Wicke and
Dumas, 2010). These models assume that body segments can be represented by
simple shapes the dimensions of which can be obtained by taking anthropometric
measurements on the participant. From this information, it is possible to obtain
approximations of segment volume, then, by providing an estimate of segment density;

it is possible to estimate inertial parameters.

To provide BSIP estimates which take into account segment volume and shape

geometric models of varying complexity have been proposed (Kingma et al., 1996). An
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early model proposed by Hanavan (1964) used a single geometric shape and uniform
density to represent each segment. Although relatively simple, this approach was not
sensitive to segment contour variations (Wicke and Dumas, 2010) which resulted in
the model being able to estimate body mass with an average estimation error of 9.7%.
More complex models have since been proposed; Jensen (1978) introduced a
photogrammetric method which divided segments into a series of elliptical zones two
centimetres thick whilst Hatze (1980) proposed a model consisting of 17 segments
subdivided into small mass elements of different geometric structures. These models
were capable of providing accurate BSIP estimates with body mass estimation errors of
only 2% and 3% respectively being reported. However, their complexity and large data
collection times have limited their use in biomechanical research (Wicke, Dumas and

Costigan, 2009).

More recently, Yeadon (1990) presented a geometric model comprising 40 geometric
solids which has subsequently been used in numerous biomechanical analyses (e.g.
Muri, Winter and Challis, 2008; Domire and Challis, 2007; Kong, 2010). Possible
reasons for this popularity include a relatively low body mass estimation error (2.3%)
and a reduced data collection time, the necessary measurements can be made in less
than 30 minutes. Therefore, to enable the sequencing of segment KE to be analysed in
this programme of research BSIP were estimated using a geometric model similar to
that defined by Yeadon (1990). The geometric model used 28 geometric shapes to
produce BSIP estimates for 17 rigid bodies. This reduction in geometric solids
compared to the Yeadon (1990) model provided an appropriate balance between

model complexity and data collection time.

3.2.2. Geometric representation

Geometric models (Hanavan, 1964; Jensen, 1978) have typically used elliptical solids
(Figure 3.1) to model rigid bodies because it was mathematically convenient to do so.
However, Yeadon (1990) suggested that stadium solids (Figure 3.1) provide a more
accurate representation of the trunk and hand. A stadium may be defined as a

rectangle of width (w) 2t and depth (d) 2r with an adjoining semi-circle of radius r at
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each end of its width (Figure 3.1). Therefore, following the recommendations of
Yeadon (1990), in this programme of research, the arms, legs and feet were modelied
using elliptical solids and the trunk, neck and hands were modelled using stadium
solids. The cranium was also modelled as a semi-ellipsoid with base diameter d and

height h.

N
o

ry

A

2t,

W

A
N

Figure 3.1 A semi-ellipsoid (top), a stadium solid (left) and an elliptical solid (right) used to model body
segments (Yeadon, 1990).

Yeadon (1990) calculated the geometry and volume of geometric shapes by taking
anthropometric measurements directly from participants using a tape measure. To
form the stadium solids, Yeadon (1990) measured a perimeter and width at each
boundary level as well as the height between boundary levels. The elliptical and semi-
elliptical solids were formed using height and perimeter measurements, width
measurements were not required. In this programme of research, a Polhemus
electromagnetic tracking system was used to make the anthropometric measurements.
The nature of this equipment dictated that width (w) and depth (d) values were used

to estimate the perimeter of the stadium (Equation 3.1) and elliptical (Equation 3.2)

solids. This technique has been reported to provide a successful alternative for
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obtaining BSIP estimates using the geometric modelling technique (Gittoes, Bezodis

and Wilson, 2009).

Stadium solid perimeter = 4t + 2nr Equation 3.1
2 2
" Elliptical solid perimeter = m X \/(G w) + (% d) ) Equation 3.2

3.2.3. Segmentation

The geometric model segmented the body into geometric solids using planes
perpendicular to the long axes of the rigid bodies at specified boundary levels (Figure
3.2, Figure 3.3, Figure 3.4 and Figure 3.5). Although the geometric model used in this
programme of research was similar to that proposed by Yeadon (1990) some
alterations were made. It has been suggested that the accuracy of trunk segment
inertial parameter estimates are highly dependent on the number of shapes used in
the modelling process (Erdmann, 1997). Therefore, to more effectively account for the
contours of the trunk additional stadium solids were used to represent the upper and
lower trunk segments (Figure 3.3). Furthermore, to maintain a balance between data
collection time and model complexity, the geometric model represented the hands

and feet using one geometric shape.

Top Head

Above Ear

Mid Shoulder

Figure 3.2 Head and neck segmentation panes.
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Figure 3.3 Trunk segmentation plane comparison: left — current geometric model, right — Yeadon (1990)
model. ASIS — Anterior Superior lliac Spine.

Head of Humerus -=-=-----——T--------~

Max Upper Arm ------~-~ Upper Arm

Elbow Joint Centre ----------t—p----------

Max Forearm----------

Forearm

Wrist Joint Centre ----------f=\-----------
____________________ Hand

Metacarpophalangeal Joint

Figure 3.4 Arm and hand segmentation planes.

Head of Femur ==-------4——T---------

Max Thigh --------- Thigh

Knee Joint Centre ------=---p——-=---------

Max Shank=--=-=-=-~
Shank
Ankle Joint Centre -----------F=-----------
B Foot
Foot Tip -----------—"-=-==m----

Figure 3.5 Leg and foot segmentation planes.
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Table 3.1 Anatomical landmarks used to make anthropometric measurements at Head, Neck and Trunk

segmentation planes.

Boundary level AM Anatomical Landmarks
Top head Top Head
Temporal Mandibular Width Right Tempf)ral Mandibular - .Le.ft TemporaI.MandlbuIa
Depth Bridge of Nose - Occipital Tuberosity
. Width Right Acromion Process - Left Acromion Process
Acromion Process
Depth Sternal Notch - T2
Shoulder Joint Centre Width Virtual AL RSJC - Virtual AL LSIC
(siC) Depth Sternomanubrial Joint - T4
Right lateral aspect at Nipple level - Left lateral aspect
Nipple Width at Nipple Level
Depth Virtual AL Nipple - T6
Xiphoid Process Width Right lateral aspec't 6tl? rib - Left lateral aspect 6th rib
Depth Xiphoid Process - T8
. Width Right lliac Crest - Left lliac Crest
lliac Crest N
Depth Umbilicus - L4
Width Right Lateral ASIS - Left Lateral ASIS
ASIS Lower Umbilicus - Virtual AL Posterior Superior lliac
Depth Spine (PSIS)
Width Right Greater Trochanter - Left Greater Trochanter
Greater Trochanter . . . . . ) .
Depth Right Mid-Groin Anterior - Right Mid-Groin Posterior

Y

Table 3.2 Anatomical landmarks used to make anthropometric measurements at Arm and Hand

segmentation planes.

Boundary level AM Anatomical Landmarks
Width Anterior Shoulder - Posterior Shoulder
Head of Humerus . .
Depth Acromion Process - Axilla
Max Upper Arm Width Max Upper Arm Late.ral - Max Upper Arm Medla_l
Depth Max Upper Arm Anterior - Max Upper Arm Posterior
Elbow Joint Centre Width Lateral FemoraI.Epncondyle. - Medial Femoral Epicondyle
Depth Bicep Insertion - Olecranon
Width Max Forearm Lateral - Max Forearm Medial
Max Forearm . .
Depth Max Forearm Anterior - Max Forearm Posterior
Wrist Joint Cente Width ' Ra'dlal Styloid - Ulr'la Sty!0|d
Depth Mid-Wrist Extensor - Mid-Wrist Flexor
Metacarpophalangeal Joint Width - 2nd Metacarpal - 5th M'etacarpal
Depth Posterior 3rd Metacarpal - Anterior 3rd Metacarpal
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Table 3.3 Anatomical landmarks used to make anthropometric measurements at Leg and Foot
segmentation planes.

Boundary level AM Anatomical Landmarks
Width  (Right Greater Trochanter - Left Greater Trochanter)/2
Depth Right Mid-Groin Anterior - Left Mid-Groin Posterior

Head of Femur

Max Thigh Width Max Thigh Lateral - Max Thigh Medial
Depth Max Thigh Anterior - Max Thigh Posterior

Knee Joint Centre Width Latt?r?l Eplcondy.le - Med.lal Epicondyle
Depth Tibial Tuberosity - Popliteal Crease
Width Max Shank Lateral - Max Shank Medial

Max Shank ] .
Depth Max Shank Anterior - Max Shank Posterior

Ankle Joint Centre Width Lateral Malle?lus - Medla! Malleolus
Depth Posterior Fibula - Anterior Talus

Foot Tip Width Lateral Toe - Medial Toe

Table 3.4 Anatomical landmarks used to define the virtual anatomical landmarks.

Virtual AL AL1 Al2
RSIC Right Acromion Process Right Axilla
LSIC Left Acromion Process Left Axilla
Nipple Right Nipple Left Nipple
PSIS Right PSIS Left PSIS

3.2.5. Joint centre locations

The locations of the majority of joint centres were estimated by calculating virtual
landmarks at the mid-point between a rhedial and a lateral anatomical landmark (Table
3.5). This approach assumes that the two anatomical landmarks lie on the joint axis
and that the anatomy of the joint is symmetrical. At most joints this assumption is
adequate. However, for the shoulder and hip which define the proximal ends of the
thighs and upper arms respectively it is not possible to estimate joint centres using this
technique as easily palpatable anatomical landmarks which lie on the joint axis do not

exist.

Several predictive methods have been presented in the literature to estimate the
location of the hip joint centre (Bell, Pedersen and Brand, 1989; Davis et al., 1991;

- Seidel et al., 1995). The approaches defined by Bell, Pedersen and Brand (1989) and
Davis et al. (1991) are commonly used in biomechanical analyses. However, it has been

suggested that the equations defined by Bell, Pedersen and Brand (1989) are more
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accurate (Leardini et al., 1999). Using this approach, the identification of easily
identifiable landmarks on the lower trunk enabled a local coordinate system to be
fixed in this segment using the technique described in section 3.4.1. The location of the
hip joint centre was then estimated in the lower trunk-fixed frame using the following
regression equations (Equation 3.3, Equation 3.4 and Equation 3.5) where x, y and z
are the coordinates of the right hip joint centre and IAD is the distance between the

right and left anterior superior iliac spines.

x = —0.19IAD  Equation 3.3
y = —0.30/AD Equation 3.4
z =0.36IAD Equation 3.5

Similar to the hip joint, easily identifiable anatomical landmarks are not available for
the estimation of the shoulder joint centre. To estimate the location of the shoulder
joint centre the International Society of Biomechanics recommends the use of
functional methods such as those described by Stokdijk, Nagels and Rozing (2000) and
Veeger (2000). However, these methods often require information about the
movement of the scapula or the acromion which are not available using the proposed
geometric model. The predictive equations presented by Meskers et al. (1998) were
also deemed unsuitable as they require the movement of the scapula to be estimated.
Other, simpler predictive approaches such as that proposed by Schmidt et al. (1999)
which estimate the shoulder joint centre based solely on the location of the acromion
processes have been adopted in Biomechanical research. Using this approach the
shoulder joint centre was defined at a position 7 cm vertically below the acromion

process in the global coordinate system.
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Table 3.5 Anatomical landmarks (AL) used to calculate joint centre locations.

Joint Centre Medial AL Lateral AL

Ankle Medial Malleolus Lateral Malleolus
Knee Medial Epicondyle Lateral Epicondyle
Greater Trochanter Left Greater Trochanter Right Greater Troachanter
lliac Crest Left Iliac Crest Right lliac Crest
Xiphoid Process Left Xiphoid Process Right Xiphoid Process
Acromion Process Left Acromion Process Right Acromion Process
Temporal Mandibula Left Temporal Mandibula Right Temporal Mandibula
Elbow Medial Femoral Epicondyle Lateral Femoral Epicondyle
Wrist Radial Styloid Ulna Styloid

3.2.6. Inertial parameter calculation

Once the anthropometric measurements had been made, the BSIP; segment mass,
centre of mass location and principal moments of inertia (Ixx, lyy and 1zz) were
calculated using the equations defined by Yeadon (1990) and a uniform density
function (Dempster, 1955) - Table 3.6. In accordance with the International Society of
Biomechanics (ISB) guidelines, all local coordinate system were defined such that the x,
y and z axes were predominantly sagittal, longitudinal and frontal respectively.
Furthermore, the position of the centre of mass for each rigid body was calculated
from its proximal end. More details on the definition of the local coordinate systems

can be found in section 3.4.1.

Table 3.6 Rigid body density values (Dempster, 1955).

Segment No. of Solids  Density (kgl™)
Head 1 1.11
Neck 1 1.11
Upper Trunk 1

Top 1.04
Upper Trunk 2 0.92
Middle Trunk 1 0.92
Lower Trunk 2 1.01
Upper Arm 2 1.07
Forearm 2 1.13
Hand 1 1.16
Thigh 2 1.05
Shank 2 1.09
Foot 1 1.10
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3.2.7. The reliability and accuracy of body segment inertial parameter

estimates made from the geometric modelling technique

A study investigating the repeatability of body segment inertial parameters estimated
using the geometric model was conducted and is reported in Appendix I. As inertial
parameters in this programme of research were estimated by one examiner, the
primary purpose of this study was to examine the intra-examiner reliability of BSIP
estimates. As the inertial parameters were also required to be made on different days
a secondary purpose of this study was to examine the between-day reliability. The
majority of BSIP were estimated with satisfactory intra-examiner and between-day
reliability. It was concluded that if inertial parameter estimates were made by the
same examiner, acceptable reliability was achieved using the geometric model and

data collection technique outlined earlier in this section.

The accuracy with which geometric solids are capable of estimating the geometry and
volume of human body segments was also assessed and is reported in Appendix Il.

This study suggested that the geometry and volume of human body segments can be
accurately represented using the formation of simple geometric shapes proposed in

the geometric model. Subsequently, using a uniform density function (Dempster, 1955)
it was suggested that segment mass (Table A 2.2) and COM location could be

estimated with mean absolute errors of 7.4 £ 1.1 % and 2.2 + 1.3 % respectively.
Furthermore, the results suggested that the three principal moments of inertia, Ixx, lyy
and lzz could be estimated with mean absolute errors of 8.0 £ 4.1 %, 7.7 + 4.7 % and

9.0 + 5.1 % respectively (Table A 2.3). Therefore, the majority of limb inertial |

parameters could be accurately estimated using the geometric modelling technique.

3.3. The geometric hand model

3.3.1. Geometric hand model accuracy

In the study reported in Appendix I, the accuracy of hand inertial parameter estimates
was not examined. To maintain a stable body position during the 3D scans the
participants were required to hold a support frame. This meant it was not feasible to

obtain gold standard volume estimations for the hand. However, errors in the
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estimation of hand inertial parameters, particularly hand mass and hand COM have
the potential to significantly influence the magnitude of peak hand KE. Therefore, a
study was conducted to examine the accuracy with which hand inertial parameters
could be estimated using the geometric model outlined in section 3.2 — Appendix lll.
Compared to estimates made using a regression equation (Zatsiorsky, 2002), hand
mass was consistently underestimated using the geometric model (Table A 3.1). These
results suggested that a single stadium solid does not provide an accurate
representation of the geometry or volume of the hand with the fist clenched.
Therefore, improvements to the geometric modelling approach were required before

it can be used to estimate hand inertial parameters in analyses of segment KE.

3.3.2. Geometric hand model development

In golf, the complexity of modelling the hand using geometric shapes is increased as
the fingers wrap around the club grip. Therefore, popular geometric models such as
those proposed by Hanavan (1968), Jensen (1978) and Yeadon (1990) lack validity for
use in golf swing analyses as they model the hand with the fingers extended.
Furthermore, it has been indicated that modelling the hand with the fist clenched
using one geometric solid consistently underestimated the mass of the hand (Appendix
I1). Therefore, improvements to the geometric model were required which enabled

accurate inertial parameters to be provided for the hand gripping a golf club.

It has been suggested that a hand gripping a dumbbell can be accurately modelled
using a truncated cone to represent the base of the hand and a hollow cylinder to
represent the fingers grasping a dumbbell (Challis and Kerwin, 1996) (Figure 3.9).
However, Yeadon (1990) suggested that compared to a truncated cone the base of the
hand can be more accurately represented using a stadium solid. The diameter of a golf
grip is also smaller than that of a dumbbell which changes the shape created by the
fingers. Therefore, it has been proposed that accurate estimates of hand inertial
parameters can be produced by modelling the base of the hand using a stadium solid
(Figure 3.1) and by modelling the fingers wrapped around a golf club using a segment

of a hollow cylinder (Figure 3.10).
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Area of the large circle = m R? Equation 3.6

Cross sectional area of the golf club = mr? Equation 3.7
Area of a segment = % (6 — sinB)R? Equation 3.8

R =r + sagitta Equation 3.9

Circle sagitta = -Ham‘}ﬂ Equation 3.10

Golf Club

Sagitta

Figure 3.11 A cross-section of the hollow cylinder segment.

3.3.2.2. Centre of mass location

The hand, represented as a stadium solid and hollow cylinder segment, is symmetrical
in the medio-lateral (x) and anterior posterior (z) axes. However, the combination of
these geometric shapes is not symmetrical in the longitudinal (y) axis and as such, the
COM is not located at the mid-point along the y axis. To locate the COM of the hand
from its proximal end in the y direction (yy) further calculations were required using
the mass (m) and centre of mass location (y) of the stadium solid (SS) and hollow

cylinder segment (HCS) (Figure 3.12) (Equation 3.11).
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Posterior 3" metacarpal
Mid-extensor !

Mid-flexor

Figure 3.12 Hand COM location

m +m i
yy = Dss¥ss® THCSYHES Equation 3.11

mgs+ Mucs

The mass and COM of the stadium solid and the mass of the hollow cylinder segment
were calculated using previously defined techniques (Section 3.2). The location of the
COM of the hollow cylinder segment (yucs) required further calculation (Equation 3.12)
using the area (a) and COM location (y) of a large circle (LC) with radius R, a golf club
(GC) with radius r and the segment of the large circle (LCS) which was not used to
define the hollow cylinder segment. The COM location of the LC (y,¢c) and GC (ysc) from
the proximal end of the hand were defined by summing the length of the SS and the
radius of the GC. The COM location of the segment of the large circle (y.sc) was

calculated using Equation 3.13.

y _ arcyLc— agcYGCc— ALcSYLCS
H =
s arc—agc— aLcs

Equation 3.12

4R sin3§

Yics = SS length + 3O—sind)

Equation 3.13

3.3.2.3. Moment of inertia

It was not possible to estimate hand moment of inertia using a hollow cylinder
segment to represent the fingers. For calculations of moment of inertia, the fingers
were modelled as a half cylinder with radius R. Hand MOI (Ixx, lyy and 1zz) were then

calculated as the sum of the MOI of the SS and half cylinder. For the calculation of Ixx
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and Izz, the parallel axis theorem (Equation 3.14) was used to calculate the MOI of the
SS and half cylinder about axes through the centre of mass of the hand. In these
calculations d represented the perpendicular distance between the two parallel axes,

Icm was the MOI about the hand COM and Ipa was the MOI about the parallel axis.

Icy = Ipy + md? 'Equation 3.14

The technique used to define the three components of MOI for the SS was described in
section 3.2. The three components of MOI for the half cylinder were calculated using
Equation 3.15 and Equation 3.16. These calculations required the mass (Equation 3.17)
and the COM (Equation 3.18) of the half cylinder (HC) and the COM of the hand,

modelled as a stadium solid and half cylinder (x4,) to be calculated (Equation 3.19).

Ixx and Izz = Zmr?+ Zmi2 Equation 3.15

Iyy = imr? Equation 3.16

Myc = (—;-nRz) x hand width x hand density Equation 3.17
4R .

XHe = 3 Equation 3.18

MgsXss+ MHCXHC
mssmuyc

Xu2 Equation 3.19

3.3.2.4. Revised geometric hand model accuracy

The accuracy of hand mass estimates made using this geometric modelling technique
was assessed in a study repbrted in Appendix IV. The results suggested that the
stadium solid and segment of a hollow cylinder were capable of estimating hand mass
with a mean error of only 1.57 + 6.44 %. Furthermore, the results suggested that this

model was capable of more accurately representing hand mass distribution than the
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geometric modelling technique proposed by Challis and Kerwin (1996). This accurate

distribution would also enable more accurate estimates of hand COM to be calculated.

3.4. Kinematic data collection

If appropriate calibration protocols are followed, electromagnetic tracking systems and
optical tracking systems can collect kinematic data of comparable accuracy suitable for
measuring 3D position and orientation in the golf swing — see section 2.7. Although
data of comparable accuracy can be collected electromagnetic tracking systems are
not subject to marker occlusion, accumulation and distortion difficulties and it has
been suggested that they are appropriate for large scale data collections due to their
ability to provide 3D data in real time (Evans et al., 2012; Richards et al., 1999).
Therefore, a sixteen-channel Polhemus Liberty electromagnetic tracking system
(Polhemus, Inc., Colchester, VT, USA) sampling at 240 Hz was selected for kinematic

data collection in this programme of study.

The electromagnetic transmitter (origin of the global coordinate system) was
positioned approximately 0.4 m behind the golfer on a custom built stand with +x
directed anteriorly, +y vertically upwards and +z directed away from and parallel to the
target line. Twelve, six-degrees-of-freedom electromagnetic sensors were used to
record 3D translational and rotational movements of the rigid bodies. These sensors
were attached to the golfer at the previously identified landmarks using the custom

designed suit and adjustable straps (Section 3.2.4).

The attachment of electromagnetic sensors using this technique has the potential to
encumber golfers, make them feel uncomfortable and restrict their movements
(Wright, 2008). Therefore, a study was conducted and reported in Appendix V which
examined the effect of electromagnetic sensor attachment on swing and launch
parameters in the golf swing. This study indicated that electromagnetic sensor
attachment had no effect on outcome measures of ball flight and clubhead
characteristics. Although lower clubhead (85.9 + 4.1 vs 84.8 + 4.3 mph) and ball speeds
(100.2 £ 6.9 vs 98.3 *+ 7.2 mph) were produced with the 5 and 9 irons respectively
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