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Abstract

In track sprinting, the athlete generates around 70% of their maximum velocity during the
initial acceleration phase (Nagahara et al., 2019a). Effective acceleration performance is
largely determined by the technical ability of effectively orientating force applied to
the track, quantified by the ratio of forces (RF; Morin et al., 2011). This thesis aimed
to investigate the relationships between kinematic characteristics and RF during the
initial acceleration phase of sprinting, as these important considerations remain
unknown. Fourteen male sprinters completed two maximal 60 m sprint efforts from a
block start. Whole-body kinematic data and external kinetic data were measured for
the first four steps on the track. An initial analysis using semi-partial correlations (sr)
determined that step-to-step variation in RF over the four steps was not related
(st = -0.280) to initial acceleration performance (normalised average horizontal
external power; NAHEP), but that mean RF (RFmean) over these steps was strongly
related to initial acceleration performance (sr = 0.683). To address the aim of this
thesis, correlations with kinematic characteristics, using RFvean as the dependent
variable, revealed that placing the stance foot further behind the whole-body centre of
mass at touchdown was strongly related to high RF (r = -0.672). Specific stance leg
configurations contributed to this favourable touchdown distance - a more anterior
orientation (i.e., of the proximal end) of the foot and shank segments were both very
strongly associated with RF (r = -0.724 and r = -0.764, respectively). Following
touchdown, ankle dorsiflexion range of motion was also very strongly related to RF
(r=0.728). Touchdown distance was the only measure strongly related to both RF and
performance (r = -0.710 with NAHEP). These findings suggest coaches should focus
on strategies which manipulate lower-leg configurations at touchdown and actions
during early stance if they wish to improve RF ability.
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CHAPTER 1: INTRODUCTION

1.1 Context

An athlete’s ability to accelerate effectively can be a determining factor for success in
track sprinting. During a maximal sprint, the first steps on the track are when the largest
forward accelerations are observed, with the athlete often having reached ~70% of
their maximum velocity by step four (Nagahara et al., 2019a; 2020). The initial
acceleration phase of maximal sprinting can be defined as the first four steps following
block exit (Nagahara et al., 2014b). This phase of the sprint has been the subject of
considerable biomechanical research to understand the principles underpinning high

acceleration performance.

Previous investigations in the sprint running literature have revealed that a key element
of high acceleration performance is effective orientation of force output (Morin et al.,
2011; Rabita et al., 2015; Samozino et al., 2016). This ‘technical ability’ is typically
measured by the ratio of forces (RF), which describes the proportion of the step-
averaged resultant force vector (Fr) that is directed horizontally (Fn), i.e., RF = Fu/Fr
(Morin et al.,, 2011). When quantifying technical performance during sprint
acceleration, a linear trendline is often fitted to step-averaged RF with respect to step-
averaged horizontal velocity (vu), denoted as the RF-vy profile (Rabita et al., 2015).
This profile is typically created using data from each step of the entire acceleration
phase. The gradient of the trendline fitted to the RF-vy profile quantifies the ability to
maintain RF as vy increases, termed rate of decline in RF (Drr; Morin et al., 2011).
The y-intercept provides the theoretical maximal RF at null velocity, termed RFo
(Rabita et al., 2015), whilst other measures such as RFmax (RF value at 0.3 s;
Samozino et al., 2016) are also sometimes extracted. Bezodis et al. (2020) found a very
strong relationship between mean RF and performance (quantified by normalised
average horizontal external power; NAHEP) over the block phase and first four steps
(r = 0.88). Their study also found Drr and RFo combined to explain 93-95% of the
variance in performance over this phase. However, Bezodis et al. (2020) found that the
RF-vy profile over the whole acceleration phase was not always closely related to the

RF-vu profile during just the early part of acceleration, as considerable step-to-step



variation in RF can be observed, particularly during the initial acceleration phase (i.e.,
first four steps on the track; Figure 1.1); while, in other cases, there may be little
variation from a linear decrease over these first four steps, but the trend is considerably

different from the profile during the entire acceleration phase (Figure 1.2).
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Figure 1.1. Ratio of forces-horizontal velocity (RF-vy) profile from a single sprinter for each
step over the entire sprint acceleration (orange markers) and its fitted linear trendline (orange),
with steps over the initial acceleration phase overlaid (grey markers) and the corresponding
fitted linear trendline (grey) (from Bezodis et al., 2020).
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Figure 1.2. Ratio of forces-horizontal velocity (RF-vy) profile from a different sprinter for
each step over the entire sprint acceleration (green markers) and its fitted linear trendline
(green), with steps over the initial acceleration phase overlaid (grey markers) and the
corresponding fitted linear trendline (grey) (Bezodis et al., 2020).



This variation in RF during the initial acceleration phase of the sprint can be quantified
from the coefficient of determination (adjusted R?) of the linear trendline fitted to the
RF-vu profile. Hereafter termed the ‘linearity’ of the profile (fitted to data from the
first four steps), this coefficient allows objective assessment of an athlete’s step-to-
step variation in the decreasing RF values over the initial acceleration phase. It remains
unknown whether step-to-step variation in RF is associated with acceleration
performance and investigating the strength of the relationship between the linearity of
the RF-vy profile and performance over the initial acceleration phase could therefore
provide valuable insight. This would enable researchers to determine whether step-to-
step variation in RF is important to consider for initial acceleration performance, as
well as providing knowledge to inform the practice of sprinters and coaches during the

initial acceleration phase.

Although it has been widely established that RF is a determining factor for sprint
acceleration performance, as it is more strongly related to acceleration performance
than resultant force magnitude (Morin et al., 2011; Rabita et al., 2015; Bezodis et al.,
2020), it currently remains unknown what kinematic characteristics of the body and
stance leg during acceleration are associated with the ability to produce high RF. As
such, there is currently no empirical evidence which has directly associated kinematic
characteristics with RF measures (i.e., RFmean, RFo and Drr) using an observational,
cross-sectional design. However, many previous investigations have highlighted
kinematic characteristics that are strongly related to performance, and postural
positions that may be favourable for producing horizontal propulsive forces during
acceleration (Jacobs & van Ingen Schenau, 1992; Kugler & Janshen, 2010; Bezodis et
al., 2015b; 2017). For instance, Jacobs and van Ingen Schenau (1992) found that highly
trained sprinters delayed extension of the whole-body centre of mass (CM) away from
the base of support until the CM had been rotated further forwards, relative to the base
of support. However, the study by Jacobs and van Ingen Schenau (1992) analysed only
the second stance phase of the sprint effort and used a simple body model of only four
segments (foot, lower leg, upper leg, and upper body). Hence, further investigation
using more comprehensive modelling and data collection of the whole initial
acceleration phase is warranted. Later studies by Kugler and Janshen (2010) and
Bezodis et al. (2015b) provided additional evidence that the general movement

strategy observed by Jacobs and van Ingen Schenau (1992) may be favourable for



performance; Kugler and Janshen (2010) found that greater forward lean of the body,
facilitated by more posterior foot placement, led to greater production of propulsive
forces. Additionally, Bezodis et al. (2015b) found, using computer simulation, that
placing the foot further behind the CM at touchdown (termed negative touchdown
distance) led to a near linear increase in RF during the stance phase. More recently,
Bezodis et al. (2017) suggested that rotating the CM rapidly about the stance foot at
touchdown, with a foot further behind the CM could improve RF capability even
further. However, it is important to consider that the stance leg is multi-segmented, so
achieving a postural position in which the whole-body CM is ahead of the stance foot
at touchdown is largely a function of the angles at the ankle, knee, and hip. The
aforementioned studies who provided these findings either did not report stance leg
joint kinematics and investigated a non-sprint trained population (Kugler & Janshen,
2010), or theoretically manipulated specific joint kinematics to achieve changes in
touchdown distance and investigated a simulated model (Bezodis et al., 2015b).
Therefore, further investigation is warranted encompassing both linear and angular
kinematic characteristics during initial acceleration, using a sprint trained population,
to assess the strength of the relationships between such kinematics and RF measures,

and ultimately, how these features contribute to initial sprint acceleration performance.

1.2 Research aim and questions

The aim of this thesis is to investigate the relationships between kinematic
characteristics and RF during the initial acceleration phase of sprinting. Before this
aim can be achieved, a preliminary investigation will be required to explore the
relationships surrounding RF-associated measures of technical performance and initial
acceleration performance, to address the first research question. This will inform the
study design for the second research question to address the aim of this thesis.
Research question three will finally be addressed as a supplementary investigation to
explore the relationships between any RF-associated kinematics and acceleration
performance. The culmination of these three research questions will ensure kinematic
characteristics that may be associated with RF, and their potential relationship with

initial sprint acceleration performance are systematically explored in detail:



1. How strongly do RF-associated measures derived from the RF-vy profile,

including the linearity of the fit, relate to initial acceleration phase performance?

2. What are the relationships between a sprinter’s kinematics and RF during the

initial acceleration phase?

3. How strongly do the kinematic characteristics which are strongly related to RF

relate to initial acceleration phase performance?



CHAPTER 2: LITERATURE REVIEW

2.1 Biomechanics of sprinting

Often referred to as the blue-ribbon event of track and field, the 100 m sprint holds its
place as a key event within the Olympic Games, bringing millions to watch when a
new ‘fastest athlete on earth’ emerges victor. This complex movement pattern is often
analysed in scientific literature to understand the features and mechanisms that
underpin performance and hence identify avenues to potentially improve sprint
running performance. Biomechanical analysis of sprint performance is often focussed
on one of, or an interaction between, two branches of analysis: kinematics and kinetics.
Kinematics is the study of motion without regard to causes (Robertson et al., 2013).
Literature in this area explores how segments of the body move and interact to
facilitate motion. For the context of sport biomechanics, it often investigates the
movement pattern of athletes during specific sporting movements in order to elucidate
key features that contribute to more successful performance. Kinetics is the study of
the relationships between the force system acting on a body and the changes it
produces in body motion (Hall, 2019). This branch of sport biomechanics explains
how movement patterns are initiated by forces generated by the body and the
interaction of these forces with the external environment. Section 2.1 will describe the
composition of the 100 m sprint event, which consists of four major sprint phases
which are, in turn, each comprised of multiple steps containing stance and flight
phases. Biomechanical characteristics of the sprint phases and the sub-phases within
each step will be explored to build a foundation for understanding of the determinants
of acceleration performance discussed later in this review. As the majority of
biomechanical sprint research has been conducted using male populations, throughout
this literature review it is assumed that ‘sprinter’ and ‘athlete’ refers to males unless

otherwise stated.



2.1.1 Sprint phases

The track sprint begins with a block phase, with the athlete having set the starting
blocks to their personal preference of angle and spacing. These settings allow the
athlete to assume their preferred position during the sprint start, in order to propel the
body’s centre of mass (CM) at a lower angle than could be achieved from a standing
start (Sandstrom, 1983). This low CM trajectory upon leaving the blocks, sometimes
termed block exit angle, is advantageous to facilitate acceleration (di Prampero et al.,
2005). In a review by Harland and Steele (1997), the common kinematic features
adopted by sprinters in the block phase were highlighted. These were medium block
spacing (30 to 50 cm inter-block distance), with front and rear knee angles at 90° and
130°, respectively, resulting in the hips held moderately high (Figure 2.1, A), followed
by a block exit angle of 40-45°. The common kinetic characteristics of the block phase
are large peak ankle plantar flexor moment and power (Mero et al., 2006), and hip
extension moment (Brazil et al., 2017) which contribute to a high horizontal ground
reaction force impulse (Baumann, 1976; Mero et al., 1983) to produce high block exit

velocity.
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Figure 2.1. Visual depiction of body positions between the four major sprint phases, from left
to right. Beginning with the block phase (A; figure from Haugen et al., 2017), followed by the
initial acceleration phase (B), transition phase (C) and maximum velocity phase (D); where
grey to black positions depict the direction of changes in postural position (figure from
Nagahara et al., 2014b).

The next phase of a sprint, constituting the first contact phases with the track following
block exit, was termed the initial acceleration phase by Delecluse et al. (1995). The
defined parameters for the length of the initial acceleration phase have been subject to
some discrepancy between the scientific and coaching literature. Although

Mackata et al. (2015) defined the initial acceleration phase, by distance on the track,



as the first 12 m of the sprint, many biomechanical analyses investigate kinematic and
kinetic characteristics on a step-to-step basis. Therefore, other researchers have
attempted to identify breakpoint steps, through differences in kinematic and kinetic

features, that signal the change between the major sprint phases (Figure 2.2).

Discriminating variable Phases
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Figure 2.2. Comparison between parameters for major sprint phases between findings of
Nagahara et al. (2014b) and Crick (2014) (figure from von Lieres und Wilkau et al., 2018).
Bshank and Byunk denote shank and trunk angles at touchdown. CM-h denotes whole-body centre
of mass height at touchdown.

The distinction between the initial acceleration phase and following sprint phases can
be achieved by observing the changes in an athlete’s kinematics. For example,
Nagahara et al., (2014b) measured CM height (CM-h) over the entire acceleration
phase and found the largest increase through steps 1-4, compared to the subsequent
transition phase. Hence, Nagahara et al. (2014b) wused this difference in
CM-h to identify the breakpoint step between phases (Figure 2.2). However, it was
suggested by Crick (2014), in the coaching literature, that the initial acceleration phase
ends at steps 5-7 when step-to-step changes in shank angles end as the shank becomes
perpendicular to the ground at touchdown (Figure 2.2). This suggestion is more
questionable than the findings of Nagahara et al. (2014b) due to its basis on coaching
supposition rather than objective evidence. Also, the suggestion by Crick (2014) was
based exclusively on evaluation of lower limb angular characteristics, which cannot
give a holistic representation of whole-body postural position. Due to the discrepancy
between phase definitions, von Lieres und Wilkau et al. (2018) investigated the
distinction between sprint phases using both methods from Crick (2014) and Nagahara
et al. (2014b). Their findings concluded that CM-h (suggested by Nagahara et al.
(2014b)) provides a more robust and holistic measure that is more representative of

overall postural changes during initial acceleration. Therefore, in the current thesis the



initial acceleration phase will be defined as the first four steps on the track following
block exit, as suggested by Nagahara et al. (2014b) and used in several recent studies
(e.g., Bayne et al., 2020; Donaldson et al., 2020).

When considering kinetic characteristics, it is clear that the initial phase of sprint
acceleration is a period where substantial magnitudes of force are produced by the
athlete (Mackata, 2007; Nagahara et al., 2014a; Rabita et al., 2015). Kinematic and
spatiotemporal characteristics associated with the generation of these ground reaction
forces (GRF) are longer ground contact times, compared to later sprint phases, and the
whole-body CM positioned in front of the contact foot for some or all of the initial
acceleration phase (Figure 2.1). The interaction between kinematic and kinetic features
during this phase can be used to develop a more complete understanding of the
determinants of performance. The aforementioned CM position, with respect to the
contact foot, is typically measured at the stance events of touchdown and toe-off
(discussed in section 2.3.2) and termed the touchdown distance or toe-off distance,
respectively. In this instance, a negative distance represents a stance foot in a position
posterior to the whole-body CM. Such a negative position at touchdown allows for the
greatest potential for the production of antero-posterior (A-P) forces (Bezodis et al.,
2015a). This A-P component of force is accompanied by a sufficient vertical
component to overcome the effect of gravity, providing sufficient flight time for
repositioning of the lower limbs before the next stance phase (Weyand et al., 2000;
Hunter et al., 2005; Nagahara et al., 2019a) and to allow the gradual rise of the CM
into upright running (Nagahara et al., 2014a). Research pertaining to this phase of
acceleration has applicability to sport of many disciplines where good acceleration
ability can be advantageous (Moir et al., 2007; Lockie et al., 2013; Newans et al.,
2019). However, given the aims of this thesis, the current review will only focus on
studies which have used trained sprinters from block starts because other types of

sprint starts and athletic populations are not comparable (Wild et al., 2018).

The ‘transition phase’ follows the initial acceleration phase. During the transition
phase, the body must adapt from the typical forward leaning position in the
acceleration phase (Figure 2.1, B), to a more upright position as velocity increases
(Figure 2.1, C). Kinematic and kinetic characteristics displayed by the athlete change
to reflect these adaptations to postural position. Schache et al. (2019) found that there



was a progressive decrease in the magnitude of horizontal acceleration during the
transition phase, and the trunk gradually became more upright during stance, the hip
and knee became less flexed at touchdown, and the ankle became more plantar flexed
at touchdown. Schache et al. (2019) accredited this decrease in acceleration magnitude
to both a notable decrease in propulsive horizontal impulse and an increase in braking
impulse, while vertical impulse remained nearly unchanged. However, the
relationships between the joint and segment angular kinematics with horizontal

acceleration magnitude were not explored.

In the maximum velocity phase, the body position assumes a more upright posture,
compared to that of the initial acceleration phase, with the whole-body CM in a more
posterior position relative to the stance foot (Nagahara et al., 2014b) (Figure 2.1, D).
Similar to that observed in the transition phase, there is an increased braking period
during the stance phase, compared to the initial acceleration phase. These large braking
forces have been attributed to the shift in CM position (von Lieres und Wilkau et al.,
2017). These forces are generated throughout the entire sprint as a result of the impact
as an athlete’s foot strikes the floor. However, as touchdown distance becomes
continually more positive as a sprint progresses beyond the initial acceleration phase
(von Lieres und Wilkau et al., 2017), the impact forces generated by the foot contact,
and in particular the horizontal component of these, increase (Hay, 1994; Hunter et al.,
2005), which produces a deceleration effect that is detrimental to sprint performance.
Matsuo et al. (2019) found a very strong correlation (r = 0.89) between the positive
(propulsive) work done in the horizontal direction and 50 m sprint time, while negative
(braking) work done revealed a moderate negative correlation (r = -0.49). Reduction
in work done during the braking phase can potentially be facilitated by reducing

touchdown distance and foot touchdown velocity (von Lieres und Wilkau et al., 2017).

2.1.2 Step phases

The three major sprint phases after the block phase (i.e., as block phase precedes any
steps on the track); initial acceleration phase, transition phase and maximum velocity
phase, are each fundamentally underpinned by the sub-phases that form each step of
sprinting. These step phases are the ‘stance phase’ and ‘flight phase’, which combine

to form each step cycle. The stance phase represents the period in which the athlete’s
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foot is in contact with the ground (Figure 2.3). The action of the sprinter during this
phase is responsible for the outcome of the following flight phase. During the flight
phase, after the athlete’s foot leaves the floor (Figure 2.3), the body acts as a projectile
and no external work can be done during this phase to affect the trajectory of the CM
(Hojka et al. 2016). During the flight, the only external effects present are that of air
resistance and gravity. For this reason, the biomechanical sprint literature investigating
external kinetics is almost solely interested in researching the stance phase. However,
when analysing the flight phase from a kinematic perspective, movements made by
the athlete during flight can directly influence the effectiveness of the subsequent
stance phase. The flight phase serves as an opportunity to reposition the body, and in
particular the lower limbs, into a favourable configuration for the following touchdown
(e.g., where the leading foot is in relation to the CM, therefore influencing the
subsequent touchdown distance), thereby directly affecting the kinetics of the

subsequent touchdown event.

Figure 2.3. Visual depiction of the phases of the running step cycle, from left to right, where
the stance and flight phases are delimited by touchdown and toe-off events (Dyson, 1973).

The ratio to which each of the two step phases constitutes the complete step cycle
changes with each of the major sprint phases (Plamondon & Roy, 1984;
Nagahara et al., 2014a). During the initial acceleration phase, long ground contact
times are observed (~0.18 s; Nagahara et al., 2014a), where the sprinter generates large
propulsive impulses to achieve maximal acceleration (Golden et al., 2009). This phase
therefore features short flight phases which, as mentioned previously, serve only long

enough to reposition the legs before the next stance phase. Stance phases begin to
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decrease in duration through the transition phase, as there is less horizontal propulsive
force produced, with increasing vertical force resulting in longer flight phases
(Colyer et al.,, 2018). During the maximum velocity phase, vertical forces take
precedence and cause long flight phases and minimal ground contact times (~0.10 s;
Nagahara et al., 2014a). When the horizontal velocity of the CM has reached its peak,
the only purpose of stance phase is to propel the body back into flight phase and

maintain this velocity (van Ingen Schenau et al., 1994).

2.2 Biomechanics of the initial acceleration phase

This section will build on the introduction of the initial acceleration phase in section
2.1.1, firstly outlining the typical spatiotemporal, kinematic, and kinetic variables that
are characteristic of the initial acceleration phase of maximal sprinting, before
exploring previous literature that has detailed the performance determinants among the

aforementioned biomechanical characteristics that will be of interest for this thesis.

2.2.1 Acceleration characteristics

As previously detailed, the duration of each stance phase during initial acceleration is
considerably longer than the subsequent sprint phases (Nagahara et al., 2014a). This
extended ground contact time is key to maximising the acceleration of the athlete’s
CM and is therefore fundamental to sprint performance. During these contact phases,
the athlete creates the foundation for performance during the later sprint phases by
producing large net horizontal impulses to increase their velocity (Lockie et al., 2012).
Although the resultant magnitude of the ground reaction forces which underpin these
impulses hold importance throughout the sprint effort, many previous studies have
found that, during acceleration, the orientation of these forces are more strongly related
to sprint performance than the magnitude of the resultant force (Morin et al., 2011;
Rabita et al., 2015; Samozino et al., 2016; Bezodis et al. 2020). Hence, during the
initial acceleration phase, performance is largely dictated by highly effective

application of force during longer ground-contact times to maximise the horizontal
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component of the resultant GRF impulse (Morin et al., 2011; 2012). This will be

explored in greater detail in section 2.2.4.

It has been suggested that producing a larger horizontal component of the resultant
ground reaction force during initial acceleration is associated with a forward leaning
position (Debaere et al., 2013), and proximal-distal joint extension patterns of the
lower limbs (Charalambous et al., 2012; Jacobs & van Ingen Schenau, 1992). A
forward leaning posture of the athlete allows the athlete to minimise braking forces
during the stance phase by positioning the stance foot behind the whole-body CM at
touchdown (Mero et al., 1983). The proximal-distal joint extension patterns present
during the initial acceleration phase act to transfer torque generated by the powerful
lower-limb extensor muscles to the ground to generate large horizontal propulsive

forces (Hunter et al., 2005).

2.2.2 Acceleration Kinematics

Kinematics can be separated further into their linear and angular components. While
linear kinematics in sprint acceleration typically cover spatiotemporal characteristics
such as displacements and absolute segment positions in space (and their derivatives),
angular kinematics are associated with the relative angles at joints, and angles of
segments relative to global axes (and their derivatives). The linear kinematic
characteristics associated with the initial acceleration phase will firstly be discussed,
followed by the angular kinematics, and throughout the performance implications of

these features will be considered.

The spatiotemporal variables of step length (SL) and step frequency (SF) are examples
of linear kinematics that receive great attention in the sprint running literature, as sprint
velocity is mechanically the product of these variables, i.e., velocity = SL x SF . Very
simply, if athletes can increase SL or SF, without a proportional decrease in the other,
they will increase their velocity. However, these variables are subject to a level of
mutual dependency, such that it is difficult to increase both variables equally, where
increasing SL can cause a decrease in SF (or vice versa) (Hunter et al., 2004). Debaere

et al. (2013) found that, in a cohort of high-level male and female athletes, neither SL
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nor SF (on average from 0-10 m) were strongly related to sprint performance from the
start to the 10 m mark. Nagahara et al. (2014a) suggested this is because SL and SF
continually change on a step-to-step basis during the entire acceleration phase.
Nagahara et al. (2014a) investigated the association between rates of changes in step
length and step frequency and acceleration performance. Their study found positive
correlations between acceleration and rates of changes in step frequency up to the
second step, and positive correlations between acceleration and rates of changes in step
length from the 5% to the 19'" step. The findings by Nagahara et al. (2014a) suggest
that, when looking at the broader entire acceleration phase (i.e., encompassing the
initial acceleration and transition phases), exploring the rate of changes in step length
and step frequency may be most appropriate due to their continual step-to-step
changes. However, conclusions have been left unclear as to what relationships exist
between such spatiotemporal variables and acceleration performance on a smaller

scale, such as from steps one to four constituting the initial acceleration phase.

di Prampero et al. (2005) suggested that the ‘whole-body orientation’ of the sprinter is
related to their acceleration. Kugler and Janshen (2010) found that greater forward lean
of the body (i.e., CM angle, defined as the angle of the whole-body CM to the vertical
axis in the sagittal plane), typically facilitated by more posterior foot placement, led to
greater production of propulsive forces during the acceleration phase, reinforcing the
suggestion by di Prampero et al. (2005). These findings were expanded by von Lieres
und Wilkau et al. (2018), who found that, as sprinters assume a more forward-inclined
posture during the initial acceleration phase, their horizontal CM acceleration was
larger compared with the later phases of a sprint when the sprinters adopted a less
forward-inclined posture. However, this postural position (i.e., CM angle) depends on
both the CM height and horizontal distance between the contact foot and the CM,
which in turn are dependent on the orientation of the segments of the stance leg and
trunk. These stance leg and trunk segment configurations have been explored in recent
literature (e.g., Bezodis et al., 2017; Walker et al., 2021), with studies aiming to
quantify the contributions of each stance leg joint to sprint performance through
measurement of joint angular characteristics at key events of the stance phase, such as
touchdown and toe-off. Walker et al. (2021) analysed the relationships between
kinematic variables and performance, quantified by normalised average horizontal

external power (NAHEP), during the first step of the initial acceleration phase. They
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found that only thigh separation and trunk angles at toe-off demonstrated strong
relationships with first stance performance. Bezodis et al., (2017) found, from data
collected at the step nearest 5 m from the start, that better performing sprinters had a
more dorsiflexed ankle, more flexed knee, and extended their hip more rapidly at
touchdown. The findings by Bezodis et al., (2017) and Walker et al., (2021) provide
valuable insights into the relationships between sprint acceleration performance and
stance leg configurations on individual steps during the initial acceleration phase.
However, the sprint running literature has yet to explore such relationships for each
step during the initial acceleration phase or present the step-to-step changes that may

be present in stance leg kinematics over the initial acceleration phase.

2.2.3 Acceleration Kkinetics

With respect to kinetic research, the initial acceleration phase is associated with the
effective application of force to achieve high acceleration of the athlete’s CM. The
primary objective is to maximise horizontal displacement of the CM in as short a time
as possible, therefore performance measures highlighted in the literature, that will be
discussed in this section, reflect the athlete’s ability to facilitate this horizontal
acceleration. This is evident from early studies of Baumann (1976) and Mero et al.
(1983), where sprinters who produced larger horizontal impulses possessed faster 100
m personal-best times. These findings were supported more recently by Colyer et al.
(2019) and Morin et al. (2011; 2012), who found that greater acceleration performance
was associated with the production of more horizontally orientated forces. Colyer et
al. (2019) suggested that the production of high forces with a more horizontal

orientation should be encouraged from the onset of the sprint.

Impulse is a function of the force applied and the time over which it acts. Hence, if an
athlete produces a high magnitude of force and applies it over a long contact time, the
impulse produced will be considerably higher than producing the same magnitude of
force during a shorter ground contact, or a lower magnitude of force over a long contact
time. With regards to sprint performance, caution must be applied when attempting to
enforce this principle, as accumulating many ground contacts that are long in duration

may negatively impact the time taken to reach the finish line and the goal of the
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maximal sprint is to reach the finish line in the lowest possible time. The horizontal
velocity of a sprinter’s CM is determined by the net antero-posterior impulses
generated. During the steps constituting the initial acceleration phase, the production
of greater propulsive forces during mid-late stance has been found to be particularly
important (Colyer et al., 2018) and is a widely recognised desirable feature for
individual sprinters (Nagahara et al., 2018a). These propulsive impulse forces
constitute the majority of net anteroposterior impulse produced by the athlete, where
Bezodis et al. (2014) found peak propulsive forces of around 1.3x bodyweight are
generated during the first stance phase. The magnitude of the peak propulsive forces
have been shown to be related to mean 40 m velocity (Morin et al., 2015). Murata
(2018) suggested that changes in spatiotemporal variables like step length and
frequency are the product of greater propulsive impulse produced during the initial
acceleration phase, as well as greater net anteroposterior impulse during the entire
acceleration phase. Braking impulse is also generated during the ground contact phase
and during early acceleration is primarily the result of the impact GRF generated as an
athlete’s foot strikes the floor (Kawamori et al., 2013). The impulse generated upon
impact acts posteriorly and produces a deceleration effect, which can be a detriment to
overall sprint performance. For this reason, it is advised that suppressing the work done
during this braking phase is essential to achieve high sprint performance (Matsuo et
al., 2019). Previous research has found that a potential strategy to achieve this is
minimising horizontal foot velocities prior to touchdown (von Lieres und Wilkau et

al., 2017).

Block phase performance is commonly quantified by the horizontal CM velocity at
block exit, and acceleration performance is often quantified as the velocity at a given
step, distance, or time. Velocity-based measures are dictated by the net propulsive
impulse generated but do not account for the time taken to achieve this velocity,
leading to a potentially biased interpretation of performance (Bezodis et al., 2010). As
stated previously, performance with regards to propulsive impulse generation can be
compromised by pushing for a longer duration, which produces high impulse but takes
longer to achieve. Therefore, with regards to sprint success being dictated by the
minimal time taken to reach the finish line, it is important that a sufficient change in
horizontal velocity is achieved if an athlete spends more time in contact with the blocks

and ground. To account for these determining factors for sprint start performance, a
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measure was proposed by Bezodis et al. (2010), in the form of average external power
(P), which is calculated based on horizontal motion (equation 2.1) given the horizontal

demand of sprint running, and normalised to participant characteristics (equation 2.2)

m(vfz—viz)

P=—— 2.1)
P
PN - m-g3/2'll/2 (22)

where v; and vyare the horizontal velocities at the start and end of the period of interest,
respectively, At is the duration of this period, m is the mass of the sprinter, g is the
acceleration due to gravity, and / is the leg length of the sprinter. This normalised
average horizontal external power (NAHEP; Py) provides a single measure that
accounts for the change in velocity and the time taken to achieve this change
(Bezodis et al., 2019). NAHEP is normalised using both mass and leg length because
smaller sprinters require less power to translate their CM to the same extent as a larger
sprinter, so these anthropometric factors must be accounted for to enable a fair
comparison between sprinters of different stature (Bezodis et al., 2010). This measure
can be quantified across any phase of interest, for example just the block phase or a
specific step, the initial acceleration phase, or the entire acceleration during a sprint,
while exclusively accounting for the effects of the horizontal components of the

impulse generated.

2.2.4 Ratio of forces

Technical sprint ability concerns the effective application of force during sprinting,
which can be quantified as an athlete’s ability to apply a resultant force to the ground
with a more horizontal orientation. This is measured throughout the literature as the
ratio of forces (RF) (Morin et al., 2011; Figure 2.4). Ratio of forces was first transferred
from the cycling literature by Morin et al. (2011), drawing from the concept of force
effectiveness used in pedalling mechanics (Zameziati et al., 2006; Dorel et al., 2010).
Morin et al. (2011) found that force application technique, quantified using step-

averaged RF (RF calculated using forces on average over a step) during acceleration,

17



was a determinant of 100 m sprint performance, but the magnitude of the resultant
GREF (Fr) was not. This finding has been replicated by many recent investigations into
sprint technical ability (Rabita et al., 2015; Willwacher et al., 2016; Colyer et al.,
2019).

Supporting ground

Figure 2.4. Schematic representation of the ratio of forces (RF) and mathematical expression
as a function of the total (Fr,) and horizontal (Fy) step averaged GRF. The forward orientation

of the total GRF vector is represented by the angle a (Morin et al., 2011).

An athlete’s production of higher RF is reflective of a higher horizontally orientated
proportion of the resultant force vector (where 100% represents entirely horizontal
force and 0% entirely vertical). Using the orthogonal components of the resultant GRF
(Fr, also sometimes termed Fro) , that is mean vertical (Fv) and horizontal (Fu) force
over the total stance phase, ratio of forces can be calculated through Fu/Fr (Figure 2.4;
Morin et al., 2011). Higher average ratio of forces has also been found to be a
differentiating factor for sprint start and early acceleration performance (Willwacher
et al., 2016; Bezodis et al., 2020).Therefore, provided sufficient Fr magnitude can be

produced, sprinters should endeavour to orientate the force vector more horizontally
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to improve acceleration performance (Otsuka et al., 2014; Rabita et al., 2015;

Willwacher et al., 2016; Colyer et al., 2019).

Since the introduction of this measure, other RF-associated measures have been
presented in the literature, including the maximum measured RF (Morin et al., 2011)
or RFmean over specific distances (Samozino, 2018) or time durations (Morin et al.,
2011; Bayne, 2018). In their study that conceptualised RF, Morin et al. (2011) also
aimed to quantify an athlete’s capacity to maintain high RF despite increasing velocity.
To quantify this, they proposed the measure ‘rate of decline in RF’ (Drr). This variable
is obtained from a linear trendline which is fitted to step-averaged RF with respect to
step-averaged horizontal velocity (vy), termed the RF-vy relationship. The gradient of

the linear trendline is extracted as Drr, where the higher the Dy value (i.e., less

negative; a shallower RF—vy relationship), the less RF reduces as velocity increases
(Figure 2.5). The average RF over a particular period of interest or number of steps is
defined as RFmean. An additional key feature that can be obtained from the RF-vy
relationship is the theoretical maximal RF at null velocity (RF,; Rabita et al., 2015).
This measure is extracted as the y-intercept of the linear trendline (Figure 2.5).
Although this theoretical value is not directly obtained from the force output, it gives

another valuable representation of an athlete’s RF capacity.
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Figure 2.5. Representation of the ratio of forces-horizontal velocity (RF-vy) relationship over
the initial acceleration phase (black o denote measured values during steps 1 to 4), featuring
annotated RF-derived measures including Drr (the gradient of the linear trendline), RFy (red
0; y-intercept at vau = 0) and mean step-averaged RF (RFuean) over the initial acceleration
phase (steps 1 to 4).
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As both Drr and RFo are components of the linear trendline fitted to the RF-vu
relationship, they are both contributing factors to the RFmean measure. Since RFvean
is influenced by its peak and rate of decrease, sprinters must achieve both a high RF

and a low Dgr to obtain a higher RFmean throughout a given period of acceleration
(Bayne, 2018).

Many recent studies have obtained the aforementioned RF-associated measures based
on a simple macroscopic model, introduced by Samozino et al. (2016). This model is
based on a mono-exponential fit to the horizontal velocity-time (vy-t) profile over the

entire acceleration phase which is well established throughout the literature

(Figure 2.6).
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Figure 2.6. Representation of measured horizontal velocity-time (vu-time, measured using a
portable resistance device) (grey) compared to a mono-exponential fit to the vy-time profile
(black) typically observed over a maximal sprint (Cross et al., 2018).

This mono-exponential fit follows the function presented in equation 2.3:
vy () = vy, - (1—e 7 (2.3)

where vy is the maximal velocity reached at the end of the acceleration and 7 is the

acceleration time constant. The horizontal acceleration of the CM (ay) can be

expressed after derivation of vy(?) over time (equation 2.4).
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ay(t) = (*mex) - e (2.4)
From this acceleration profile, the net horizontal antero-posterior GRF (Fy) applied to
the body CM can be modelled over time, by applying the fundamental laws of

dynamics in the horizontal direction (equation 2.5).

FH(t) =m- aH(t) + Faero(t) (2.5)

where m is the runner’s body mass (in kg) and Faero(?) is the aerodynamic drag. Using
modelled step-averaged Fu and step-averaged Fv (assumed as the bodyweight of the
sprinter), modelled step-averaged Fr can be calculated using Pythagoras’ theorem, and
hence, modelled step-averaged RF can be determined. The model provides a useful
and accurate approximation of many other performance measures (Figure 2.7) to
researchers who lack the instruments required to measure ground reaction forces or

those collecting data in a competition environment.
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Figure 2.7. Comparison between force plate-derived measures of vertical GRF (Fy),
horizontal GRF (Fy) and horizontal power (Px) and those derived from the Samozino et al.
(2016) simple macroscopic model (Morin et al., 2019).

The simple model provides an additional RF-associated measure of sprint technical
ability, RFmax. This represents the RF value at 0.3 s based on a linear fit to modelled

RF-vy from 0.3 s onwards. Although similar to the theoretical RFo measure
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(Figure 2.5), RFumax is a direct measure extracted from a model fitted to the vy-time
profile across an entire phase of the sprint effort, hence it could be considered a quasi-
direct measure of an athlete’s maximum RF capacity. Its more direct nature than RF
could explain why RFwmax was recently found to be nearly perfectly correlated
(r = 0.94) with early acceleration performance, quantified through NAHEP, while RF
showed a large correlation (r = 0.59) (Bezodis et al., 2020).

The simple macroscopic model has been criticised due to the simplicity of the
underlying vy-time model (Haugen et al., 2019), the estimation of RFmax at low speeds
where deviations are observed in the supposedly linear RF-vy relationship, and the
lack of consideration for within-step kinetics (Pavei et al., 2019). However, Bezodis
et al. (2020) investigated the relationships between modelled RF and RF-associated
measures (i.e., RFo, Drr) with those from direct GRF measurement. They found that
RF-vuy parameters calculated from the simple model aligned well with values
calculated directly from the GRF measured by the force plates. The findings by
Bezodis et al. (2020) extended the findings by Morin et al. (2019) to include RF and
its associated measures, alongside the previously explored measures of vertical and
horizontal GRF, and horizontal power. However, Bezodis et al. (2020) importantly
noted that the data from which the simple model was fitted was obtained using a ‘gold
standard’ force platform system, hence less sophisticated and accurate measurement
tools may not hold the same predictive capabilities. As the current thesis will
investigate the first steps on the track constituting the initial acceleration phase, and
there have been concerns about measures derived from the model at low speeds (Pavei
et al., 2019), this thesis will present RF measures calculated from direct measurement

of ground reaction forces on a ‘gold standard’ force plate system.

In their recent study, Bezodis et al. (2021) addressed discrepancies existing in the
current body of literature surrounding the methods used for calculation of RF from
measured external force data. Although many studies report step-averaged RF, some
have achieved this value from calculating instantaneous RF (at each frame sampled)
before calculating the average across a given stance phase (Rabita et al., 2015), while
others have averaged antero-posterior and resultant forces across the step before
calculating RF (Morin et al., 2011; 2012) or calculated the ratio between the step-

averaged antero-posterior component and the resultant of the step-averaged antero-
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posterior and vertical components (Samozino et al., 2016; Morin et al., 2019).
Although each of the methods are similar in theory, the difference in computation of
each approach yields a different value for RFmean and their mechanical reality differs
considerably. This can consequently lead to different interpretations of an athlete’s
‘technical ability’ if one approach is not widely adopted, or the method is not explicitly
detailed by each author. As detailed by Bezodis et al. (2021), there are evident
computational differences between approaches. When taking an average of forces over
an entire step including flight phase, before calculating RF, a more true representation
of the RF-vy profile is obtained, as long as mean Fr for each step is determined directly
from the instantaneous resultant forces and not the step-averaged horizontal and
vertical components. In contrast, using instantaneous RF values to obtain step-
averaged RF can bias the determined values because instantaneous RF can reach high
values during late stance where forces are relatively low (Bezodis et al., 2021).
Bezodis et al., (2021) observed that this effect on the RF-vy; relationship became more
pronounced as acceleration phase progressed. Given these considerations, it was
suggested that future research should use force data averaged across the step before
calculating RF to provide a more appropriate assessment of ‘mechanical

effectiveness’.

In the preprint to their 2021 study, Bezodis et al. (2020) created RF-vy profiles using
data from the entire acceleration phase. Although it was not their primary focus,
Bezodis et al. (2020) highlighted a concern about the step-to-step variation in the RF-
vu relationship that could be observed during the first four steps (i.e., the initial
acceleration phase), which was often apparently non-linear and also did not align with
the linear trendline fitted to the entire acceleration phase. This suggests that there may
not always be a strong linear fit to the RF-vy relationship during the initial acceleration
phase. It is unknown whether differences in the ‘linearity’ of the profile, particularly
during initial acceleration, is a differentiating factor between sprinters and/or is related
to acceleration performance. Therefore, future research must consider this potential
issue before using RF-derived measures to understand early acceleration technique and

performance.
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2.3 Relationships between kinematic characteristics and ratio of
forces

Sprint running literature suggests that greater acceleration is accompanied by a
forward-leaning posture (Kugler & Janshen, 2010; Van Caekenberghe et al., 2013;
Bezodis et al., 2015b; Nagahara et al., 2018b). Although acceleration performance also
shows strong relationships with effective force application (i.e., RF), there is a lack of
literature detailing the interaction of RF with specific kinematic characteristics.
Presently, only two studies have tried to investigate the link between kinematic
characteristics and RF, and their influence on sprint performance (Bezodis et al., 2017;
Nagahara et al., 2019b). Both studies attempted to manipulate RF capability by
modifying an athlete’s kinematics. In both investigations, the researchers did not find
that any intentional changes to kinematics resulted in improved RF or overall
acceleration performance. However, it should be noted that the study by Nagahara et
al. (2019b) did not collect motion capture data and, while Bezodis et al. (2017) did
present this data, it was confined to the stance phase which contacted closest to the
5 m mark, limiting the conclusions that can be drawn for performance over the initial
acceleration phase. Therefore, while the findings of both investigations are not directly
relevant to the current aim and research questions, aspects of these studies can be used

to inform the rationale and theory behind, and the methodology of, the current thesis.

This section will explore the aforementioned investigations by Bezodis et al. (2017)
and Nagahara et al. (2019b), explaining their methodology and conclusions with
respect to the interaction between kinematic characteristics and RF. Following this,
kinematic characteristics identified throughout the literature that could contribute to
achieving greater technical performance but have yet to be investigated in relation to

this, will be described.

2.3.1 Investigations linking kinematics and RF

The first known study to investigate the relationship between kinematics and RF was

undertaken by Bezodis et al. (2017). Their study used a cohort of team sports athletes

and attempted to enhance RF capability through internal and external forms of verbal
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cueing, e.g., instructed to focus on ‘pulling the leg backwards’ or ‘clawing the ground
backwards’ at touchdown for internal and external focus instructions, respectively.
The use of these manipulative cues resulted in decreased RF in the step nearest 5 m
and in overall acceleration performance (assessed through 10 m sprint time), when
compared to a control condition. These findings suggest that acute technical changes
can affect RF capability, but that they caused a detrimental effect to both RF and
performance. Nagahara et al. (2019b) used a cohort of physically active adults who
were instructed to lean the whole body forward, attempting to increase the production
of propulsive force. Nagahara et al. (2019b) found no change in performance variables
(i.e., running speed and net antero-posterior impulse) with this intent, only increased
step frequency in the first two steps, which was attributed to decreases in contact time
and flight time. Nagahara et al. (2019b) suggested these changes were due to a notable
decrease in vertical and braking impulse, without an increase in propulsive horizontal

impulse.

The findings by Nagahara et al. (2019b) support previous research by Kugler and
Janshen (2010), who found smaller vertical force and higher horizontal propulsive
forces were associated with a greater forward lean of the whole-body during
acceleration. Kugler and Janshen (2010) also used a relatively untrained population;
28 male and 13 female physical education students. Although not observed in the
population used by Nagahara et al. (2019b), the findings by Kugler and Janshen
suggest that higher propulsive forces can be associated with forward lean. Within a
more highly and/or sprint trained population (i.e., those more capable of producing
higher propulsive force), there may be positive relationships between these kinematics
associated with forward lean (e.g., whole body orientation, smaller contact and flight
times, higher step frequency) and more propulsive and horizontally orientated force
(i.e., RF). However, before attempting to design any interventions, future research
needs to better understand the relationships between RF and kinematic characteristics
during early acceleration, and for the purposes of specificity, this is particularly

required from a population of trained sprinters.
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2.3.2 Kinematics and horizontal force

Although the relationship between kinematics and RF has not been directly considered,
there is a considerable body of literature detailing the relationships between linear and
angular kinematic characteristics, GRF output and performance. With regards to linear
kinematics, the interaction between the CM and the contact foot during the stance
phase may help to elucidate its relationship with RF. For example, it was first
determined by Jacobs and van Ingen Schenau (1992) that highly trained sprinters delay
the extension of their CM away from the base of support (BoS) until the CM had been

rotated further forwards (Figure 2.8; Figure 2.9).

I
AT

Figure 2.8. Stick figure showing the positions of the trunk and stance leg, together with the
actions of the muscles at different time samples. Time is expressed relative to the instant of
toe-off (Jacobs and van Ingen Schenau, 1992).

Figure 2.9. Schematic representation from Jacobs and van Ingen Schenau (1992; p. 954),
depicting two positions during an early stance phase, based on a simple model of a sprinter
illustrated by a heavy mass (box) and a simplified leg (1), which can rotate and extend. The
angle (0) in the bottom-left corner is 90 degrees and increases during stance. Xbcg and chg
denote the horizontal and vertical velocity of the CM (here termed body centre of gravity
(bcg)), respectively, where extension and rotation of the system combine to influence the
change in these velocities (Jacobs & van Ingen Schenau, 1992).
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This creates a more forward leaning posture, and the subsequent leg extension has a
greater horizontal component. The movement strategy described by Jacobs and van
Ingen Schenau (1992) therefore depicts the action of the sprinter which could facilitate

a greater toe-off distance.

Kugler and Janshen (2010) also later found that performers who were able to achieve
greater acceleration demonstrated more negative touchdown distance. The finding by
Kugler and Janshen (2010) was investigated further using a computer simulation by
Bezodis et al. (2015b), who found that placing the foot further back behind the CM at
touchdown led to a near linear increase in RF during the stance phase, supporting the
findings of Kugler and Janshen (2010). It has been suggested that attempting to utilise
both previously mentioned movement strategies (i.e., Jacobs & van Ingen Schenau
(1992) and Bezodis et al. (2015b)) by rotating the CM rapidly at touchdown (relative
to the stance foot) with the stance foot further behind the CM, could exaggerate RF
capability even further (Bezodis et al., 2017). However, adopting the strategy
described by Kugler and Janshen (2010) with a larger negative touchdown distance
(i.e., stance foot further behind the CM) may prove more beneficial for performance
than that described by Jacobs and van Ingen Schenau (1992), as less time is needed to
anteriorly translate the CM ahead of the stance foot before extension can occur.
Theoretically, this strategy would be favourable for sprint performance where
horizontal displacement in the shortest time possible is the ultimate goal. All of the
above evidence suggests the placement of the stance foot in relation to the CM at
touchdown, and the action during stance to translate the CM into a favourable toe-off
position, are potentially important features relating to RF. However, it is important to
note that previous research reporting touchdown distance have either not reported the
stance leg joint kinematics and investigated a non-sprint trained population
(Kugler & Janshen, 2010), or theoretically manipulated specific joint kinematics using
computer simulation to achieve changes in touchdown distance (Bezodis et al., 2015b).
As the stance leg is multi-segmented, changes in the position of the stance foot relative
to the position of the CM at touchdown, will likely largely be due to the configuration
and orientation of the joints and segments within the stance leg. The relationships
between touchdown distance, stance leg joint and segment kinematics, and RF, are
therefore fundamental for future research to understand, and the associations of these

with initial acceleration performance should also ultimately be considered.
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With regards to these stance leg joint configurations, Bezodis et al. (2017) found that
sprinters who demonstrated higher RF had a more dorsiflexed ankle, a more flexed
knee and higher hip extension velocity at touchdown. In their study, Bezodis et al,
(2017) found that the largest between condition effects occurred at the ankle joint. This
was in line with the findings of a systematic review by Napier et al. (2015), who found
that ankle kinematics are altered to a greater extent than the more proximal joints in
studies designed to achieve technical changes in foot strike. Bezodis et al. (2017)
suggested that it is possible that greater ankle dorsiflexion and/or knee flexion at
touchdown may help to acutely increase RF. Such kinematics could affect this change
either due to geometric differences simply affecting the orientation of the resultant
force or factors such as muscle-tendon unit lengths differing and thus affecting the
force output of different muscle groups. They concluded that the specific joint
configurations of the stance leg may be more important than the distance of the leg
from the CM at touchdown, and that this could be assessed in a cross-sectional,

experimental, or theoretical investigation, something which has yet to occur.

2.4 Chapter summary

This literature review introduced biomechanical research of the maximal sprint, before
exploring more deeply into the biomechanics of the initial acceleration phase to
develop understanding of the principles than underpin effective sprint acceleration
performance. The importance of achieving high RF has been clearly demonstrated by
previous research (Morin et al., 2011; Rabita et al., 2015; Bezodis et al., 2020).
However, many studies have analysed RF-associated measures (i.e., RFmean, Drr,
RF¢) from RF-vy profiles created over the entire acceleration phase, without
considering the potential performance implications of the large step-to-step variation
in RF that can be observed during the initial acceleration phase. Previous
investigations attempting to understand the kinematic characteristics that may be
associated with RF capability have thus far done so by implementing acute technical
changes in kinematics to attempt to enhance RF, ultimately finding either no

improvement or a reduction in RF (Bezodis et al., 2017; Nagahara et al., 2019b). This
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literature review explored a number of studies that have demonstrated the relationships
between linear and angular kinematics (i.e., whole-body CM position, stance leg
configurations) with the production of higher propulsive antero-posterior impulse
forces or sprint performance (Jacobs & van Ingen Schenau, 1992; Kugler & Janshen,
2010; Bezodis et al., 2015b). However, previous research has yet to observe the
relationships between such kinematics and an athlete’s ability to generate high RF

during sprint acceleration and using a sprint trained population.
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CHAPTER 3: METHODS

3.1 Participants

Fourteen male sprinters (mean = SD; age: 19 + 1 years, height: 1.74 + 0.66 m, leg
length: 88.9 £ 5.1 cm, mass: 68.3 +4.9 kg, 100 m personal best time: 11.15 + 0.33 s)
were provided with full study details and gave written informed consent to participate.
Prior to data collection, the study was approved by the research ethics committee of
the National Institute of Fitness and Sports in Kanoya. At the time of data collection,

all participants were healthy and injury-free.

3.2 Experimental protocol

Participants completed their preferred self-led warm-up routine. After setting the
starting blocks to their preference, two maximal sprint efforts were performed up to
60 m, wearing spiked shoes. Participants were provided with a rest period of at least
10 minutes between sprint efforts. The data was collected from five sessions over a
total period of 10 days, with temperature and atmospheric pressure (mean + SD) of

31.3£0.9°C and 1010 + 2 kPa, respectively.

3.3 Data collection

Three-dimensional kinematic data was captured through 16 cameras (Kestrel 4200,
Motion Analysis Corporation, California, USA) recording at 250 Hz and positioned to
capture data up to the end of the fourth step of a maximal sprint effort. A total of 47
retro-reflective markers were placed on each participant using the marker model of

Suzuki et al. (2014; Figure 3.1).
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Figure 3.1. Locations of 47 retro-reflective markers affixed to each participants body (from
Suzuki et al., 2014, p.146).

Ground reaction force (GRF) data was collected from force plates (TF-3055,
TF-32120, TF-90100, Tec Gihan, Uji, Japan) mounted in series under the indoor
athletics track (Figure 3.2). Force plates under the starting blocks and sequentially
along the track formed a total capture volume of ~52 m x 1 m. GRF data was collected

at a sampling frequency of 1000 Hz.

An electric starting gun was used to synchronously initiate the GRF data collection,
emit an auditory starting signal for the participants, and provide a spike in an analogue
signal in the kinematic data stream. During data collection, the kinematic data capture
was started prior to the starting signal. As the electronic starting gun was responsible
for both the initiation of GRF data collection and the starting signal, the length of
kinetic data captured was less than kinematic data, and the two datasets were
synchronised during post-processing (see section 3.3). All data was recorded, and then

later processed, in MATLAB (R2021a, Natick, USA) using custom written scripts.
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Figure 3.2. Kinetic data capture experimental set-up with force plates mounted under the
starting blocks (left) and in series for approximately 50 m along the indoor track (right).

3.4 Data processing

3.4.1 Kinematic data

Kinematic data was up sampled from 250 Hz to 1000 Hz using an interpolating cubic
spline function to match the sampling frequency of kinetic data. This allowed the
frames defining each stance phase (i.e., touchdown and toe-off) to be exactly matched
between both data sets. The spike in the kinematic data stream caused by firing of the
starting gun was used to synchronise the two datasets. Following synchronisation,
kinematic data prior to the starting signal was discarded so both datasets were the same

length.

Three-dimensional marker coordinates were exported to Visual3D (v6, C-Motion,
Maryland, USA), where they were smoothed using a fourth order zero-lag low-pass
Butterworth filter with a cut-off frequency of 14 Hz which was selected using residual
analysis (Winter, 2009). A residual analysis was conducted on four markers (toe,
lateral ankle, lateral knee & hip markers of the stance leg) for three randomly selected
participants, with the average value then taken as the cut-off frequency for all markers

(for full details of the residual analysis, refer to appendix A). A 15-segment body
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model was created, consisting of hands, forearms, upper arms, feet, shanks, thighs,
head, upper trunk, and lower trunk, in accordance with the data collection procedures
of Nagahara et al. (2014b) and as used in other previous studies (Suzuki et al., 2014;
Nagahara et al., 2017). The 15-segment model was applied to the mean marker
positions during the first fifty frames of data, while each participant was stationary in
the blocks (Figure 3.3) and then reconstructed from the marker trajectories during each

sprinting trial using a six degrees of freedom approach for each segment.

Figure 3.3. Marker positions (grey spheres) creating the 15-segment model (yellow lines) with
whole-body CM location (large turquoise sphere) based on data while stationary in the blocks,
generated in Visual3D.

The hip joint centre location was determined using the method recommended by the
Japan Clinical Gait Analysis Forum as this was the most suitable for Japanese
individuals. This method defined the hip joint centre for each leg as the point located
18% of the medial distance between the right and left great trochanters from the point
located at one-third of the distance from each greater trochanter to the respective
anterior superior iliac spine. The midpoint of the two hip joint centres was taken as the
distal end point of the lower trunk and each hip joint centre gave the proximal endpoint

of the thigh. The position of the whole-body CM was calculated according to the
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15-segment body model, using the segmental inertia parameters of Japanese athletes
(Ae et al., 1992), with the typical mass of a running shoe (200 g) added to each foot
(Hunter et al., 2004).

Table 3.1. Proximal and distal segment endpoint locations used for definition of the 15-
segment body model.

Segment Proximal endpoint Distal endpoint

Head Suprasternal notch Vertex”

Upper trunk Lowest point of ribs Suprasternal notch

Lower trunk Lowest point of ribs Hips

Upper arm Shoulder Humeral epicondyle

Lower arm Humeral epicondyle Ulna styloid process

Hand Ulna styloid process Third dorsal metacarpal head”
Thigh Hip joint centre” Femoral condyle

Shank Femoral condyle Malleolus

Foot Posterior aspect of calcaneus” Toes™

~ denotes the use of a single endpoint marker. All other endpoints were calculated as the midpoint of lateral and
medial markers at the location, except suprasternal notch which used the midpoint of the anterior and posterior
markers.

3.4.2 Kinetic data

To define the instant of movement onset, the raw vertical GRF signal during the block
phase was first visually checked to identify an initial period while each participant was
clearly stationary in the blocks (i.e., no considerable fluctuation in the signal), and a
mean value over this period was calculated. Movement onset was then defined as the
instant at which the raw vertical GRF signal exceeded, and remained, two standard
deviations above the mean signal from the clear stationary period, in accordance with
previous research (Bezodis et al., 2020). A 50 N threshold in raw vertical GRF data
was used to define contact with the track or blocks. This enabled the detection of block
exit, followed by the touchdown and toe-off events of each stance phase. Following
the definition of stance events using raw signals, each component of the raw GRF data
was smoothed using a 4" order zero-lag low-pass Butterworth filter with a cut-off
frequency of 50 Hz, in accordance with previous research (Nagahara et al., 2017;

2018).
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To calculate horizontal velocity (vi) over each sprint effort, the filtered anteroposterior
GRF was divided by body mass, integrated (using the trapezium rule), and adjusted
for the influence of aerodynamic drag force (Colyer et al., 2018; Samozino et al.,
2016). Following the procedures of Arsac and Locatelli (2002), aerodynamic drag
force (Fuir) during each trial was estimated using the athlete’s height and mass, along

with the aerodynamic friction coefficient as follows:
Foir =k + (vy)? 3.1

where v,, represents horizontal velocity and & is the athlete’s aerodynamic friction
coefficient, which was estimated using values of air density (p, in kg/m?), frontal area
of the athlete (Af, in m?) and drag coefficient (Cd = 0.9; van Ingen Schenau et al.,
1991):

k=05-p-Af-Cd (3.2)
with
Pb 273
P =Po" s 773470 (3.3)
Af = (0.2025 - h%725.m0425).0.266 (3.4)

where p,=1.293 kg/m representing the p at 760 Torr and 273°K, Pb was the measured

barometric pressure (in Torr), 7° was the measured air temperature (in °C), m was the
athlete’s body mass (in kg), and /# was the athlete’s height (in m). Wind speed was not

included as the data was collected indoors.

Horizontal velocity was integrated (using the trapezium rule) with respect to time to
calculate horizontal displacement of the CM. This CM displacement was visually
inspected and compared to the anteroposterior centre of pressure (CoP) data measured
by the force plates (e.g., Figure 3.4) to qualitatively assess the GRF data quality
including the assumption of a stationary position in the blocks, and the adjustment
made to account for aerodynamic drag effects. For valid trials, the CM and CoP
displacement were deemed to be closely aligned, providing confidence in the above

data processing used to determine vu. However, two trials were deemed invalid as the
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athlete was not stationary prior to movement onset, causing the CM displacement and

CoP to not align correctly (see section 3.5.2).
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Figure 3.4. Centre of mass displacement as determined from integration of the antero-
posterior GRF data after accounting for the effects of drag (blue) and anteroposterior centre of
pressure data (black) with respect to time. Red crosses represent touchdown and green crosses
represent toe-off (based on the 50 N threshold used for the raw vertical GRF data). These data
are for a single trial of participant 4 and are used for illustrative purposes only. Note: The
centre of pressure data return to ~0 during each flight phase and are thus only of interest during
each stance phase. Following toe-off from a number stance phases, the figure appears to show
black bars — these depict noise in the centre of pressure data during the flight phase.

3.5 Data Analysis

3.5.1 Spatiotemporal variables

Contact time and flight time for each of the first four steps were calculated from
touchdown and toe-off timings, defined using a 50 N threshold with the raw vertical
GRF data as described above. As this analysis focussed on the initial acceleration
phase, the first flight after block exit was not included (i.e., can be considered flight
0). Therefore, each flight phase followed the prior contact phase, e.g., flight 1 followed
the first contact on the track. Step time was then calculated as the sum of contact time
and flight time, and the inverse of total step time was calculated to determine step

frequency (steps.s™). Step length was determined from the anteroposterior CoP data,
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where values were extracted from the instant of mid-stance. The difference in

anteroposterior CoP calculated between each stance phase provided step length (m).

Horizontal displacement and velocity of the whole-body CM were extracted at each
touchdown and toe-off event alongside vertical displacement of the CM at each of
these events. Horizontal displacement was defined relative to the participants’
stationary block phase CM position and vertical displacement was defined relative to

the track.

3.5.2 Kinematic variables

Joint angles were calculated for the ankle, knee, and hip joints based on the respective
adjacent segments. Flexion-extension angles (x-axis) were extracted, with
extension/plantar flexion defined as positive (Figure 3.6). Ankle angle was measured
as the angle between the shank segment and a rearfoot segment, which was defined
from the ankle joint centre to the metatarsophalangeal (MTP) joint centre (i.e., defined
as the midpoint between the first and fifth metatarsals). Angular velocities for each
joint were defined as the vector describing the relative angular velocity of the distal
segment relative to the proximal segment; using the proximal segment as the resolution

coordinate system to define the direction of change in joint angle.

For one participant, kinematic data ended prior to the end of step four during their first
trial, so the data could not be used from this trial to calculate the kinematic variables
across all four steps. For this participant’s second trial, the kinematic data ended at the
frame of toe-off for step four. To allow the inclusion of this participant in the analysis,
angular velocities of joints and segments at toe-off for step four were calculated by
linear extrapolation from the three prior angular velocity values to the next
(touchdown) frame. Two other trials from different sprinters also could not be used for
analyses because the participant was not stationary prior to movement onset, as
confirmed by the analysis described above (section 3.4.2; Figure 3.4), or markers were
lost during the trial. These trials were therefore removed from any subsequent analysis
and the other trial for each participant was used (only one trial was used for each of
the 14 participants in the final analysis based on their highest NAHEP value — see end

of section 3.5).
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Figure 3.5. Joint angle conventions for three stance leg joints; ankle, knee, and hip. JC denotes
joint centre. Extension/plantar flexion were defined as positive.

MTP JC

Absolute segment angles were also calculated for the foot, shank, thigh, and trunk.
These were reconstructed in six degrees of freedom for each segment and were
expressed relative to the global coordinate system — segment orientations about the
global medio-lateral (X) axis were extracted, with 0° representing a horizontally
oriented segment and positive rotation representing an anti-clockwise rotation of the
proximal end about the distal end (Figure 3.7). For these absolute segment angles, the
foot was modelled as a single rigid segment from the toe marker to the heel marker to
give a closer representation of the whole foot orientation (as described previously, the
rearfoot segment — i.e., ankle to MTP — was used when determining ankle angle to
provide a more accurate representation of the true ankle joint angle). The trunk angle
was defined using the upper trunk segment orientation, to give a closer representation

of upper body orientation.
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Figure 3.6. Segment angle conventions for four segments; foot, shank, thigh, and trunk. JC
denotes joint centre. Conventions for the positive direction are displayed on the stance leg,
following the conventions of Nagahara et al. (2014a).

Linear foot velocity was defined as the distal endpoint velocity of the foot segment
with reference to the global coordinate system, and the anteroposterior component at
the instant of touchdown for each step was defined as foot touchdown velocity. The
anteroposterior displacement between each toe marker and the whole-body CM was
calculated and was extracted at touchdown and toe-off to define touchdown distance
and toe-off distance, respectively, for each step. Touchdown and toe-off distances, CM
height and step length were normalised to account for differences in leg length between

sprinters by dividing each by the individual’s greater trochanter height.

Continuous joint and segment angular kinematics were plotted with respect to time
from touchdown to toe-off for steps one to four from all fourteen sprinters to visually

assess movement patterns across the cohort. Discrete angular kinematics (e.g., angles
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at touchdown and toe-off, peak, minimum, range of motion) were then extracted from

these continuous data.

3.5.3 Kinetic variables

Step-averaged data from each of the first four stance phases were determined from the
resultant GRF (F7%) and its vertical (Fr) and antero-posterior (Fz) components. Step-

averaged ratio of forces (RF) was then calculated from these step averaged forces as:

RF = 2 .100 (3.5)

Fr

with

Fr = /FHZ + F,? (3.6)

A linear trendline was fitted through the four step-averaged RF values with respect to
the corresponding four step-averaged vu values, forming the RF-vy profile (Figure 2.5;
Rabita et al., 2015). The gradient of the linear trendline was determined as the rate of
decline in RF (Drr) and its y-intercept was extracted as the theoretical maximal RF at
null velocity (RFo) (Rabita et al., 2015). The coefficient of determination (adjusted R?)
of this trendline was also calculated to quantify the linearity of the relationship
between RF and vy across the initial acceleration phase. RF over each of the first four
steps was averaged and defined as RFmean over the entire initial acceleration phase.

Mean resultant GRF magnitude (Fr mean) was also calculated over these four steps.

For use as an objective measure of initial acceleration performance, average horizontal
external power (AHEP; P), based on the rate of change in mechanical energy in a
horizontal direction (Bezodis et al., 2010), was calculated over each of the four steps

as follows:

m(vfz—viz)
2-At

P = (3.7)
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where v; and v, are the horizontal velocities at touchdown and toe-off of each stance
phase, respectively, A4¢ is the duration of the stance phase, and m is the mass of the
sprinter. These external power data were normalised to dimensionless values to

account for differences in stature (Bezodis et al., 2010; Hof, 1996):

P

PN = m-g3/2-ll/2

(3.8)

where m is the mass of the sprinter, g is the acceleration due to gravity, and / is the leg

length (defined as the greater trochanter height) of the sprinter.

AHEP and NAHEP were calculated from touchdown to toe-off for each step over the
initial acceleration phase during the preliminary investigation, to provide step-to-step
descriptive progressions of GRF-derived measures. However, NAHEP calculated
from the beginning of first contact to the end of fourth contact was used as a criterion
measure of initial acceleration phase performance. For the eleven sprinters who had
two valid trials, the trial in which each participant displayed the highest NAHEP was

used for all subsequent analyses.

3.6 Statistical Analysis

Statistical analyses were conducted in SPSS (v28.0, IBM, Illinois, USA). Descriptive
statistics are presented as mean values (£ SD) of the group of fourteen sprinters.
Statistical significance was accepted at p < 0.05. To assess whether variables changed
between the four steps of the initial acceleration phase, between step analyses for steps
one to four were conducted on all measures through a repeated measures ANOVA to
identify if there was a main effect of step number. Mauchly’s sphericity test was
conducted, and if the assumption of sphericity was not met (i.e., where p < 0.05), the
Greenhouse-Geisser adjustment was applied. If a main effect was identified, pairwise
comparisons with Bonferroni adjustment were calculated to identify any pairwise

significant effects between each of the four steps (for full pairwise comparison details,
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see appendix B). To quantify relationships between kinematic and kinetic measures of
interest over the initial acceleration phase, the mean value over the four steps was
calculated and used for all subsequent analyses. Semi-partial correlation coefficients
(sr) which accounted for the prior effects of the block phase using vy at first touchdown
were calculated between NAHEP and each of the associated performance measures

(i.e., Fr Mean, RFumeaN, RFo, Drr, linearity of the RF-vy fit).

Bivariate correlations between the four-step mean value of each of the kinematic
variables and RFvean were performed (for 95% confidence intervals, see appendix C).
Following this, bivariate correlations between each of the variables which were
strongly related to RFmean were performed against NAHEP. Thresholds for the
magnitudes of all correlations were defined according to Batterham and Hopkins
(2006) as trivial (0.0), small (0.1), moderate (0.3), large (0.5), very large (0.7), nearly
perfect (0.9) and perfect (1.0).

42



CHAPTER 4: RESULTS

4.1 Overview

This chapter will systematically describe the two investigations that were conducted
to address the three research questions in order to achieve the aim of this thesis. Firstly,
the results of the preliminary investigation that addressed research question one will
be described (section 4.2). This will present the GRF-derived kinetic measures for each
of the four steps encompassing the initial acceleration phase to provide context and
describe the performance of the sprinters over this period. This will be followed by the
individual RF-vy profiles from the 14 sprinters. Lastly, an assessment of the
relationships between the GRF and RF-derived measures and performance during the

initial acceleration phase will be presented.

The second investigation addressed the second and third research questions. Section
4.3 will therefore firstly present the joint and segment angular kinematic time-histories
across each of the four steps to provide the necessary context for understanding the
discrete parameters which are subsequently used to address the two research questions.
The relationships between these discrete kinematic characteristics, RF, and

performance during the initial acceleration phase will then be presented.

4.2 Ratio of forces and initial sprint acceleration performance

There were significant main effects of step number for all GRF variables over the
initial acceleration phase (p < 0.05). Average Fr and Fv progressively increased across
the four steps, while average and peak propulsive Fu progressively decreased
(Table 4.1). Step-averaged ratio of forces (RF) decreased with each step across the
initial acceleration phase whilst step-averaged horizontal velocity (vu) progressively
increased (Table 4.1). The differences between each pair of adjacent steps were
significant for both RF and vu (p < 0.05). The performance measures (AHEP and
NAHEDP) also progressively increased with each step (Table 4.1).
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Table 4.1. Step-to-step GRF-derived and performance measures (Mean = SD) over each of
the four steps of the initial acceleration phase, with main effect of step number (p).

Units Step 1 Step 2 Step 3 Step 4 Main Effect
Measure p)
Fr
Average (BW) 1.48+0.13 1.51+£0.17 1.67+0.16  1.74+0.14 <0.01
Peak BW) 227+0.20 2.17+0.28 240+0.23 242+0.26 <0.01
Fu component
Average (BW)  0.61+0.06 0.54 +0.06 0.50£0.06 0.45+0.05 <0.01
Peak propulsive (BW) 1.11+0.09 0.96 +0.07 0.93+0.07 0.90+0.06 <0.01
Peak braking (BW) -039+022 -032+0.22 -045+031 -0.45+0.13 0.04
Fy component
Average (BW) 1.31+0.12 1.37+0.16 1.54+£0.15 1.63+0.14 <0.01
Peak (BW) 2.02+0.20 2.01+£0.29 2294024  236+£0.27 <0.01
Step-averaged RF (%)  41.67+1.57 36.66+2.78 30.42+2.90 26.68+2.27 <0.01
Step-averaged vy (m.s!)  3.73+0.17 4.75+0.19 552+£0.20 6.17+0.20 <0.01
AHEP W) 1582 +208 1775 +£214 1879 + 263 1901 £ 192 <0.01
NAHEP 0.80+0.11 0.89+£0.12 095+£0.15 0.96+0.12 <0.01

Main effects highlighted in bold showed significant step-to-step differences across all steps through pairwise post-hoc
comparisons (p < 0.05).

RF-vy profiles created from step-averaged RF and vy over the initial acceleration
phase varied considerably between the fourteen sprinters (Figure 4.1). While some
sprinters displayed a largely linear RF-vy relationship over the initial acceleration
phase (sprinters A, E, H & N; all R? > 0.98) (Figure 4.1), the majority of the group
displayed more variation over the four steps. The sprinters with more variation
typically displayed either of two patterns; either higher RF on step two (sprinters B, F,
L & M; R? range = 0.63-0.92) or lower RF on step three before an increase on step 4
(sprinters G, I, J & K; R? range = 0.72-0.90). However, two sprinters had notably
different RF-vy profiles; sprinter D displayed higher RF on step three (R? = 0.873) and
sprinter C displayed lower RF on step four (R? = 0.72). The highest initial acceleration
phase performance was achieved by sprinter C (NAHEP = 0.750, most green
background), whilst the lowest performance was achieved by sprinter L

(NAHEP = 0.563, most red background; Figure 4.1).
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Figure 4.1. RF-vy profiles for all 14 sprinters (A-N, labels above each sub-figure) across the initial acceleration phase with individual linear trendlines fitted
through all four steps. Technical ability descriptors based on the slope (Dgr) and y-intercept (RFo) of this trendline, and the goodness of fit (R?), for each
individual are stated in the top right of each plot, while RFumean over initial acceleration is stated in the bottom left. Plot backgrounds are colour coded according
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The initial acceleration phase performance, defined by NAHEP (from the beginning
of first contact to the end of fourth contact) on average for the 14 sprinters, was
0.65 + 0.04. A large, significant relationship (sr = 0.683) was observed between
RFumean and initial acceleration phase performance (Table 4.2). No other large or
significant relationships were observed between technical ability measures and

performance over the initial acceleration phase (Table 4.2).

Table 4.2. GRF-derived measures (Mean + SD) averaged over the initial acceleration phase
(i.e., 4 steps) and semi-partial correlations (sr) with NAHEP over the initial acceleration phase.

Measure Units 4-step Mean sr with NAHEP
Fr MEAN (BW) 1.60 £0.15 0.379
RFmEAN (%) 33.86+1.55 0.683%**

RF, (%) 66.01 + 5.44 -0.090

Drr (%rs/m) -6.36+1.15 0.333
Linearity of RF-vy fit (R?) 0.891+0.124 -0.280

** Correlation is significant at the 0.01 level (2-tailed). Semi-partial correlation coefficients (sr) were used to
account for the potential prior effects of the block phase using vy at first touchdown.

4.3 Kinematics and ratio of forces

4.3.1 Descriptive linear kinematics

All linear kinematics associated with the CM progressively increased from steps one
to four (Table 4.3). All of the spatiotemporal measures increased from steps one to
four, except contact time which decreased (Table 4.3). Significant main effects of step
number were observed for all linear kinematic and spatiotemporal characteristics

(Table 4.3).
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Table 4.3. Linear kinematics from steps one to four (Mean + SD), with main effect of step
number.

Units Step 1 Step 2 Step 3 Step 4 Main
Effect (p)

Centre of Mass
Displacement at TD* (m) 0.81+0.08 1.79+0.18 2.95+0.26 4.26+0.36 -
Displacement at TO" (m) 1.51+0.10 2.56 +0.19 3.76 £0.28 5.09 +£0.39 -
Velocity at TD (m.s™) 3.26+£0.16 439+0.18 5.25+0.19 5.96 +0.20 -
Velocity at TO (m.s™) 439+0.18 5.25+£0.20 5.97+0.20 6.56 +0.20 -
Normalised Height at 0.81+0.04 0.86 +0.04 0.88 +0.03 0.91 +0.04 <0.01
TD
Normalised Height at 0.90 + 0.04 0.94 £ 0.04 0.97 £ 0.04 0.99 +0.04 <0.01
TO
Normalised TDD¥ -0.15+0.05 -0.05 +0.07 0.02 £ 0.06 0.07 £ 0.06 <0.01
Normalised TOD? -0.94 +0.06 -0.90 + 0.03 -0.87 +£0.05 -0.84 +0.05 <0.01
Spatiotemporal
Contact time (s) 0.189+£0.014 0.162+0.016 0.147+0.014  0.135+0.014 <0.01
Flight time" (s) 0.063+£0.021  0.075+0.016 0.083+0.017 0.091+0.013 <0.01
Normalised step length® 1.22+0.13 1.37+0.10 1.52+0.13 1.64+0.11 <0.01
Step frequency (steps.s™) 4.00+0.33 4.25+0.27 436+0.31 443+0.24 <0.01
Foot
Velocity at TD (m.s™) 0.37+£0.55 0.08 £ 0.50 0.37 £ 0.64 0.47 £0.36 0.02

“Relative to position at/time of movement onset. TD = touchdown, TO = Toe-off, TDD = Touchdown distance. TOD = Toe-off
distance. 'Following contact phase. Touchdown to next touchdown. Both displacement and velocity of the CM at touchdown
and toe-off are expected to increase with each step and as such, these were not assessed for a main effect over four steps. Main
effects highlighted in bold showed significant step-to-step differences across all steps through pairwise post-hoc comparisons (p
<0.05).

4.3.2 Descriptive angular kinematics

For all fourteen sprinters, the ankle joint dorsiflexed on touchdown for approximately
the first quarter of each stance phase, then remained relatively stationary for a period,
before plantar flexion towards the end of stance phase (Figure 4.2). The peak
dorsiflexion velocity during early stance was less than the subsequent peak plantar
flexion velocity (Figure 4.2, Table 4.4). Significant main effects of step number were
observed for ankle dorsiflexion range of motion, plantar flexion range of motion, and ankle
angle at toe off. Significant main effects were also observed in each of the angular

velocity characteristics (p < 0.05; Table 4.4) except for peak plantar flexion velocity.
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Figure 4.2. Joint angle-time and angular velocity-time history for the ankle joint of the stance
leg during stance phase for steps one to four from each of the 14 sprinters.

Table 4.4. Ankle angular kinematics from steps one to four (Mean + SD), with main effect of
step number.

Units Step 1 Step 2 Step 3 Step 4 Main Effect

®)

Ankle

Angle

Touchdown © 101£5 101+£7 103+5 104£8 0.24

Dorsiflexion RoM © 13+4 13+£3 15+3 16+3 0.01

Peak dorsiflexion © 88+3 87+7 88+4 88+7 0.80

Plantar flexion RoM © 56+5 53+5 52+3 49+4 <0.01

Toe-off © 144 +£7 140+ 7 140£6 137+7 0.01

Angular velocity*

Touchdown s -101+£126 -267+91 342+ 72 -374+76 <0.01

Peak dorsiflexion ©.sh -342+74 -438+79 -504 + 74 -545 + 61 <0.01

Peak plantar flexion ~ (°.s™) 1117490  1127+106 1171 +88 1174+ 117 0.05

Toe-off s 660+217 788 £ 152 908 + 139 904 £ 178 <0.01

“Negative angular velocity values are representative of dorsiflexion, positive for plantar flexion. RoM = range of motion.

Through the majority of each stance phase, the knee extended, with both mean peak
extension angle and angle at toe-off remaining almost constant across the four steps
(Figure 4.3; Table 4.5). As steps progressed, the knee was more extended at
touchdown, but extension velocity at touchdown decreased across the four steps
(Figure 4.3; Table 4.5). Relatively low extension velocity was observed at the knee for
approximately the first half of each stance phase, followed by an increased extension
velocity during mid-to-late stance (Figure 4.3). For steps one and two, during late
stance, the knee began to flex in most of the sprinters, but the magnitude of flexion

and the number of sprinters flexing the knee during late stance decreased with each
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step (Figure 4.3). Significant main effects of step number were observed in all of the
knee angular characteristics except peak extension angle and toe-off angle (p < 0.05),
but significant step-to-step differences between all steps were only found for knee

angle at touchdown and peak flexion angle (Table 4.5).

180, Step 1 . Step2 ) i Step3 Step4

g

Angular Velocity
Angular Velocity (°.5™")

500+

] 005 [X] 0.15 02 0 005 (Xl 015 02 0 005 01 015 02 0 005 [X] 015 02
Time (s) Time (5) Time (s) Time (s)

Figure 4.3. Joint angle-time and angular velocity-time history for the knee joint of the support
leg during stance phase for steps one to four from each of the 14 sprinters.

Table 4.5. Knee angular kinematics from steps one to four (Mean + SD), with main effect of
step number.

Units Step 1 Step 2 Step 3 Step 4 Main Effect

P)
Knee
Angle
Touchdown © 107+ 8 113+6 121 +4 126+ 4 <0.01
Early flexion RoM © 0+0 0+0 0+1 1£2 0.04
Peak flexion © 107+ 8 113+6 120+ 4 126 +4 <0.01
Extension RoM © 51+8 45+6 37+4 32+4 <0.01
Peak extension © 158+ 6 158+ 6 158+ 5 158 +4 0.99
Late flexion RoM © 1+£2 0+1 0+0 0+0 0.01
Toe-off © 157+7 158+ 6 158 +5 158 +4 0.71
Angular velocity
Touchdown ©.sh 294 + 95 271 + 60 190 + 121 108 + 72 <0.01
Peak Extension ©.sh 583+ 118 632+108  662+91 668 + 105 <0.01
Peak Flexion ©.sh -182+154 78+ 137 -66 + 98 -63+71 <0.01
Toe-off ©.sh -178£161  -53 +160 18+ 174 106 £ 171 <0.01

Main effects highlighted in bold showed significant step-to-step differences across all steps through pairwise post-hoc

comparisons (p < 0.05). Negative angular velocity values are representative of flexion, positive for extension. RoM = range of
motion.
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As steps progressed, the hip was more extended at both touchdown and toe-off,
showing a significant main effect of step number (p < 0.01; Table 4.6), although there
was no significant main effect of step number on the range of motion at the hip during
stance. Hip extension velocity at touchdown and peak extension velocity showed
unclear trends across steps one to four, while a significant main effect of step number
was observed for hip extension velocity at toe-off (Table 4.6). Hip extension velocity
at touchdown was relatively constant over the four steps and the pattern of extension,
including some fluctuation in extension velocity, throughout stance remained
relatively unchanged with each step (Figure 4.4). While most of the sprinters extended
their hip throughout late stance until toe-off across all steps, some sprinters began to

flex the hip prior to toe-off on steps one and two (Figure 4.4).

Angular Velocity
Angular Velocity (°.s”")

0.1 0.15 0.2 0 0.05 0.1 0.15 02 0 005 0.1 0.15 02
Time (s) Time (s) Time (s)

Figure 4.4. Joint angle-time and angular velocity-time history for the hip joint of the support
leg during stance phase for steps one to four from each of the 14 sprinters.

0.1
Time (s)

Table 4.6. Hip angular kinematics from steps one to four (Mean + SD), with main effect of
step number.

Units Step 1 Step 2 Step 3 Step 4 Main Effect (p)

Hip

Angle

Touchdown © 110+ 6 112+9 116+ 8 117+7 <0.01
Extension RoM © 60+7 60+9 56+ 6 59+5 0.49

Toe-off © 170+ 7 172+ 6 172+7 176 £6 <0.01
Angular velocity

Touchdown C.sh 556 + 82 576+ 72 533+63 529+ 75 0.21

Peak Extension s 591+ 62 615+45 581+ 77 631+73 0.19

Toe-off s 29+ 115 81+ 138 158 £96 167+ 101 <0.01

Negative angular velocity values are representative of flexion, positive for extension. RoM = range of motion.
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For most of the fourteen sprinters, the foot became slightly flatter (i.e., foot angle
increased) during early stance, although for some the foot became gradually more
vertical during early stance (i.e., foot angle decreased). As steps progressed, the early
decrease in foot angle became more prominent (i.e., more sprinters with decreasing
foot angle compared to increasing; Figure 4.5). As each stance phase progressed the
anterior foot rotation gradually increased in velocity before slowing slightly just prior
to toe-off (Figure 4.5). A significant main effect of step number was observed in all

foot angular kinematics (p < 0.01; Table 4.7).

Angular Velocity
Angular Velocity (°.s™")
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Time (s) Time (s) Time (s) Time (s)

Figure 4.5. Segment angle-time and angular velocity-time history for the foot segment of the
support leg during stance phase for steps one to four from each of the 14 sprinters.

Table 4.7. Foot angular kinematics from steps one to four (Mean + SD), with main effect of
step number.

Units Step 1 Step 2 Step 3 Step 4 Main Effect (p)

Foot

Angle

Touchdown © 154+7 163 £8 169+ 6 172+£5 <0.01
Toe-off © 97+9 105+5 106 +7 110+ 4 <0.01
Angular velocity

Touchdown ©.sh 99 + 96 45+ 68 -66 + 105 -178 £ 92 <0.01
Toe-off sy -1133+£228  -1285+ 145 -1435+149 -1388+252 <0.01
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During the majority of each stance phase, the shank became gradually more horizontal
(i.e., anterior rotation; decrease in angle) (Figure 4.6). However, during mid-to-late
stance, a more vertical rotation of the shank was observed for some sprinters. As steps
progressed, the shank was more vertical at touchdown and toe-off (i.e., larger angle;
Table 4.8), while its angular velocity at touchdown decreased with each step and
increased at toe-off (Table 4.8). The shank rotated through a greater angle with each
step (Table 4.8). Significant main effects of step number were observed for shank

angle at touchdown and toe-off, and shank angular velocity at touchdown (p <0.01).

Step1 ) Step2 ) i Step3 Step4.
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Figure 4.6. Segment angle-time and angular velocity-time history for the shank segment of
the support leg during stance phase for steps one to four from each of the 14 sprinters.

Table 4.8. Shank angular kinematics from steps one to four (Mean + SD), with main effect of
step number.

Units Step 1 Step 2 Step 3 Step 4 Main Effect

P)

Shank

Angle

Touchdown © 415 52+5 61+4 66+4 <0.01

Toe-off © 30+4 33+4 34+3 35+3 <0.01

Angular velocity

Touchdown ©.sh -87+£99 216+ 55 -284 +98 -355+67 <0.01

Toe-off ©.sh -157+77 -150+£ 72 -138+87  -122+105 0.50

Main effects highlighted in bold showed significant step-to-step differences across all steps through pairwise post-hoc
comparisons (p < 0.05).
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While thigh angle decreased throughout the entire stance phase in most sprinters, thigh
angle near toe-off began to increase for some sprinters for step one to three
(Figure 4.7). However, this late-stance movement was less prominent with each step,
with the thigh angle from only one sprinter beginning to increase near toe-off on step
three, and none in step four (Figure 4.7). At touchdown, thigh orientation became more
horizontal (i.e., anti-clockwise rotation of the proximal end) between steps one and
two but remained relatively unchanged for steps two to four (Table 4.9), while its
orientation at toe-off became progressively more horizontal (i.e., larger angle).
Angular velocity of the thigh segment at both touchdown and toe-off progressively
decreased (Table 4.9). Significant main effects of step number were observed in all of

the thigh angular kinematics (p < 0.05; Table 4.9).

Step3

Angular Velocity
Angular Velocity (°.s™")
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Figure 4.7. Segment angle-time and angular velocity-time history for the thigh segment of the
support leg during stance phase for steps one to four from each of the 14 sprinters.

Table 4.9. Thigh angular kinematics from steps one to four (Mean + SD), with main effect of
step number.

Units Step 1 Step 2 Step 3 Step 4 Main Effect

®)

Thigh

Angle

Touchdown © 114+4 119+6 119+4 119+4 <0.01

Toe-off ©) 54+5 5544 56+ 4 57+3 0.04

Angular velocity

Touchdown ©.sh -391£55 -492 £ 36 -476 £ 61 -467 £42 <0.01

Toe-off ©.sh 30+ 104 -98 + 107 -178 £ 110 -257+£97 <0.01

Main effects highlighted in bold showed significant step-to-step differences across all steps through pairwise post-hoc
comparisons (p < 0.05).
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The trunk became progressively more vertical with each step at both touchdown and
toe-off, and the angular velocity of the trunk at touchdown progressively increased
over the four steps, while trunk angular velocity at toe-off fluctuated throughout the
four steps (Table 4.10). Significant main effects were observed from steps one to four
in all trunk kinematics (p < 0.01), however there were no significant pairwise

differences between adjacent steps.

Table 4.10. Trunk angular kinematics from steps one to four (Mean + SD), with main effect
of step number.

Units Step 1 Step 2 Step 3 Step 4 Main Effect
(P

Trunk
Angle
Touchdown ©) 29+9 34+8 36+8 39+8 <0.01
Toe-off © 40+ 8 42+9 45+9 49+ 8 <0.01
Angular velocity
Touchdown ©.sh -53 £ 60 -30+ 46 -7+62 36+ 73 <0.01
Toe-off ©.sh -20 + 62 -70 £ 65 13+£53 -19+71 <0.01
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4.3.3 Relationships between linear kinematics and RF

The relationship between RFmean and mean normalised touchdown distance over the
four steps was large and significant (r = 0.672, p < 0.01; Table 4.11). A very large,
significant relationship was found between mean step frequency and RFmean over the
four steps (r =0.715, p <0.01). The relationship between RFmean and all other linear

kinematics ranged from trivial to moderate and were non-significant (Table 4.11).

Table 4.11. Mean (£ SD) linear kinematics over four steps and correlation with RFygan .

Units 4 Step Mean Correlation (r)
Centre of Mass
Displacement at Touchdown” (m) - -
Displacement at Toe-off" (m) - -
Velocity at Touchdown (m.sh - -
Velocity at Toe-off (m.sh - -
Normalised Height at Touchdown 0.86 £ 0.03 0.000
Normalised Height at Toe-off 0.95+£0.04 -0.046
Normalised TDD¥* -0.03£0.04 -0.672%*
Normalised TOD? -0.89 £0.04 -0.428
Spatiotemporal
Contact time (s) 0.189+0.014 -0.406
Flight time® (s) 0.078 £0.017 -0.242
Normalised Step length® 1.44+0.11 -0.296
Step frequency (steps.s™) 4.26+0.29 0.715%*
Foot
Touchdown Velocity (m.s) 0.32+£0.44 -0.398

"Relative to position at/time of movement onset. *Touchdown distance. “Toe-off distance. 'Following contact phase. STouchdown
to next touchdown. ** Correlation is significant at the 0.01 level (2-tailed). Both displacement and velocity of the CM at
touchdown and toe-off are expected to increase with each step and as such, these were not dependent variables and were included
in the analysis.

4.3.4 Relationships between angular kinematics and RF

Relationships between the joint angular kinematics (four-step mean) and RFwmean are
presented in Table 4.12. There was a very large significant relationship between mean ankle
dorsiflexion range of motion and RFwvean (r = 0.735, p < 0.01). There were no other
significant relationships between RFmean and the other ankle joint angular kinematics
(Table 4.12). There also were no significant relationships between the knee and hip

angular kinematics and RFvean (Table 4.12).
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Table 4.12. Mean (+ SD) joint angular kinematics over four steps and correlation with RFyean.

Units Mean Correlation (r)
Ankle
Angle*
Touchdown © 102+5 0.154
Dorsiflexion RoM © 14+3 0.728**
Peak dorsiflexion © 88+ 4 -0.258
Plantar flexion RoM © 53+£3 0.110
Toe-off © 140+ 5 -0.141
Angular velocity*
Touchdown C.sh) -271 £ 66 -0.072
Peak Dorsiflexion C.sh -457 £ 56 -0.449
Peak Plantar flexion C.sh 1147 + 84 0.311
Toe-off Csh 815+ 118 -0.087
Knee
Angle
Touchdown © 117+5 -0.326
Early flexion RoM © 0+1 -0.292
Peak flexion © 116 +5 -0.277
Extension RoM © 41+5 0.149
Peak extension © 158+5 -0.168
Late flexion RoM © 0+1 0.372
Toe-off © 158 +5 -0.202
Angular velocity
Touchdown C.sh 216 +70 -0.226
Peak Extension (°sh 636 + 89 -0.167
Peak Flexion s -100 + 83 -0.228
Toe-off Csh =274+ 144 -0.413
Hip
Angle
Touchdown © 114+ 6 0.295
Extension RoM © 59+£5 -0.234
Toe-off © 173+£6 0.098
Angular velocity
Touchdown s 549 + 37 0.201
Peak Extension C.sh) 604 + 32 -0.268
Toe-off Csh 116 + 88 0.036

“Negative values are representative of dorsiflexion, positive for plantar flexion.** Correlation is significant at the 0.01 level (2-
tailed). RoM = range of motion.

Very large, significant relationships were observed between both foot and shank angle
at touchdown and RFmean (r =-0.724, p <0.01 and r =-0.764, p < 0.01, respectively;
Table 4.13). As these relationships were negative, they relate to higher RFumean being
associated with more forward-orientated foot and shank segments (more acute angle;

see Figures 4.5 and 4.6).
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Table 4.13. Mean (+ SD) segment angular kinematics over four steps and correlation with

RFmEaN.
Units Mean Correlation (r)

Foot
Angle
Touchdown © 164+ 5 -0.724%*
Toe-off © 105+4 -0.334
Angular velocity
Touchdown C.sh 25+ 66 0.408
Toe-off C.sh -1310+ 121 0.214
Shank
Angle
Touchdown © 55+3 -0.764%*
Toe-off © 33+3 -0.235
Angular velocity
Touchdown C.sh -235+69 -0.309
Toe-off C.sh -142 £ 65 -0.511
Thigh
Angle
Touchdown © 118+3 -0.252
Toe-off © 55+4 0.076
Angular velocity
Touchdown C.sh -456 +32 -0.174
Toe-off C.sh -126 £ 96 0.304
Trunk
Angle
Touchdown ©) 34+8 -0.151
Toe-off © 44+ 8 -0.180
Angular velocity
Touchdown C.sh -14 £ 48 -0.272
Toe-off C.sh 24+ 55 -0.223

** Correlation is significant at the 0.01 level (2-tailed).

There were no strong or significant relationships found between RFvean and the four-
step average for the other foot angular kinematics and the thigh and trunk angle and

angular velocity variables (Table 4.13).

4.3.5 Relationships between kinematics favourable for RF and initial
acceleration phase performance

Of the kinematic characteristics that were significantly related to RFmean, only average
normalised touchdown distance was also significantly related to NAHEP over the initial
acceleration phase (r=0.710, p <0.01). Moderate, non-significant relationships with initial
acceleration performance were found for each of the other measures related to RFvean, all
of which were in the same direction as the relationships between the respective variables

and RFvean (Table 4. 14).
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Table 4.14. Relationships between kinematic characteristics favourable for RFyean and their
relationship (r) with initial acceleration phase performance (NAHEP).

Measure Units Correlation (r)
Normalised Touchdown Distance -0.710%*
Step Frequency (steps.s™h) 0.434
Ankle Dorsiflexion RoM © 0.458
Touchdown Foot Angle © -0.406
Touchdown Shank Angle © -0.330

** Correlation is significant at the 0.01 level (2-tailed). RoM = range of motion.

Some of the kinematic variables measured were significantly related to NAHEP despite
not being significantly related to RFmean. The four-step average value for normalised toe-
off distance was strongly and negatively related to NAHEP (r =-0.664, p <0.01), a strong
negative relationship was found with contact time (r = -0.738, p < 0.01), and hip angle at

touchdown also was strongly and positively related to NAHEP (r = 0.536, p < 0.05).
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CHAPTER 5: DISCUSSION

5.1 Overview

This thesis aimed to investigate the relationships between kinematic characteristics
and RF during the initial acceleration phase of sprinting. To achieve this, three research
questions were systematically addressed. Firstly, through a preliminary investigation,
research question one was addressed: “How strongly do RF-associated measures
derived from the RF-vy profile, including the linearity of the fit, relate to initial
acceleration phase performance?”. After identifying that linearity of the RF-vy profile
was not related to initial acceleration performance (NAHEP) and that RFvean was the
only RF-associated measure strongly and significantly related to initial acceleration
phase performance, the second research question was addressed to achieve the primary
aim of this thesis: “What are the relationships between a sprinter’s kinematics and RF
during the initial acceleration phase?”. Finally, after kinematic characteristics
associated with RFmean were identified, the relationships between such measures (i.e.,
kinematics significantly related to RF) and initial acceleration phase performance were
investigated to assess the primary findings of this thesis in the context of acceleration
performance and address the third research question; “How strongly do the kinematic
characteristics, which are strongly related to RF, relate to initial acceleration phase

performance?”.

This chapter will progress through each research question in turn, followed by
discussion of the limitations and practical implications of this investigation, with lastly
a conclusion which provides a summary of the key findings and implications of this
thesis. As the second research question addressed the primary aim of this thesis, the
findings associated with this question will be explored in greatest detail in this
discussion. Therefore, there will be comparatively brief discussions around the first
and third research questions, as they were a preliminary question to determine the RF-
associated dependent variable to be used, and a supplementary question to assess the

findings in the context of acceleration performance, respectively.
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5.2 How strongly do RF-associated measures derived from the
RF-vy profile, including the linearity of the fit, relate to initial
acceleration phase performance?

The first research question was addressed to evaluate a current gap in the sprint running
literature with respect to the relationships between RF-associated measures derived
from the RF-vy profile and performance during the initial acceleration phase. As
outlined previously, existing research has highlighted the clear importance of RF and
its associated measures (i.e., RFo, Drr) for acceleration performance, even when
performance is quantified using different measures (Morin et al, 2011; Rabita et al.,
2015; Samozino et al., 2016; Bezodis et al., 2020). However, no previous research has
investigated these RF measures during just the first four steps after block exit, which
constitutes the initial acceleration phase. Bezodis et al. (2020) previously investigated
‘early acceleration’, which they defined as the block push followed by the first four
steps on the track. Although it was not their primary focus, they created RF-vy profiles
using data from the entire acceleration phase and observed that, for some sprinters,
there were larger step-to-step variations in the RF-vy relationship during the first four
steps, compared to the wider, whole acceleration profile (e.g., Figure 1.1). This
observation raised a concern as to whether the step-to-step variation in RF is important
to consider for acceleration performance, where sprinters who display a more or less
linear decline in RF, with respect to va, may have more effective acceleration

performance.

In the current study, there was a considerable amount of variation (R? range over the
group = 0.63 to 0.98) between sprinters in the linearity of the decline in RF with respect
to vu as they progressed through the four steps. However, when looking at the whole
group, the semi partial correlation, which accounted for performance up to first
contact, revealed only a small, negative relationship between the linearity of the
RF-vyu profiles and performance (r = -0.280), suggesting that the linearity of the
RF-vy profile is at best weakly related to initial acceleration phase performance. High
acceleration performance can therefore be achieved regardless of step-to-step variation
in RF as velocity increases during the initial acceleration phase. Thus, step-to-step
variation in RF-vy observed over these four steps should not be a performance-related

concern for practitioners and coaches.
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There was a large, significant relationship between RFmean and initial acceleration
performance (r = 0.683, p < 0.01), which supports the findings of Bezodis et al. (2020)
that high RFmean is associated with acceleration performance. However, in contrast to
the findings of Bezodis et al. (2020), the two RF-derived measures of technical
performance, RFo and Drr, were not strongly related to performance in the current
study (r = -0.090 and r = 0.333, respectively); where Bezodis et al. (2020) found a
strong, positive relationship between RFo and performance during early acceleration
(NAHEP) (r = 0.59, p < 0.01), and a negative, trivial relationship between Drr and
performance (r = -0.04). Although the current study accounted for differences in block
phase performance using a semi partial correlation, the inclusion of the block push
data point on the RF-vg profile (as used by Bezodis et al. (2020) when they
investigated early acceleration) appears to have an effect on the fit of the linear
trendline, by increasing the gradient and the y-intercept of the trendline (Figure 5.1).
As the Drr and RFo measures are extracted from the gradient and
y-intercept of the RF-vy profile, respectively, the difference in shape between the
‘early acceleration’ and ‘initial acceleration’ phase leads to different outcomes with
respect to these RF-derived measures. This effect was evident in the data obtained
from the sprinters in the current study (Figure 5.1), where assessing ‘early
acceleration’ similar to Bezodis et al. (2020) (i.e., including the block phase push-off),
led to different values for Drr and RFo compared to assessing the initial acceleration

phase as considered in the current study.

The current thesis directly investigated the aforementioned concern by Bezodis et al.
(2020), about the step-to-step variation in RF during the first four steps on the track which
constitute the initial acceleration phase. As such, the block phase was not of interest for the
current research question, and therefore the block phase push-off data point was not
included in the RF-vy profiles created. During the analysis to address the first research
question, a semi-partial correlation accounting for block phase performance was used for
two objectives; firstly, to obtain comparable results to the study by Bezodis et al. (2020)
despite differing research aims, and secondly to account for differences in performance
between sprinters leading into the initial acceleration phase. However, as considerably
different relationships were observed between performance and the RF-derived measures
of Drr and RFy in the current thesis and the study by Bezodis et al. (2020), future research

analysing features of the RF-vy profile should therefore explicitly report the range of values
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(i.e., inclusion of the block push and following number of steps) included in the profile

used.
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Figure 5.1. RF-vu profiles for one sprinter from the current thesis, created from left: ‘early acceleration’
(includes block exit; method used by Bezodis et al., 2020) and right: initial acceleration (excludes block
exit; method used in this thesis) with linear trendlines fitted. Technical performance descriptors based
on the slope (Drr) and y-intercept (RFo) of this trendline are stated in the bottom left of each plot.

In a number of previous studies, it has been demonstrated that, provided athletes are of a
comparable performance level, the orientation of the force applied (i.e., RF) is more
strongly related to acceleration performance than the resultant magnitude of the force
applied (i.e., Fr) (Morin et al, 2011; Rabita et al., 2015; Samozino et al., 2016; Bezodis
et al., 2020). The current thesis found a moderate correlation between Fr and NAHEP
during the initial acceleration phase (r = 0.379). As the relationship between RF and
NAHEP during this phase was considerably stronger (r = 0.683, p <0.01), this supports
the aforementioned findings and extends their applicability to include assessment of
performance during the initial acceleration phase in isolation. As the findings of this
thesis suggest that RFmean is the only significant predictor of performance among the
GRF-derived and RF-associated measures of interest, research investigations of the
initial acceleration phase need not be concerned by performance-related effects of any
step-to-step variation in RF. As such, ‘technical performance’ during initial
acceleration can be appropriately quantified using RFmean over four steps. Therefore,
for the purpose of subsequently addressing research question two, which addressed the
primary aim of this thesis, RFmean over four steps was used as the dependent variable
of interest against which the average kinematic characteristics of the sprinter over the

same four steps were correlated.
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5.3 What are the relationships between a sprinter’s kinematics and
RF during the initial acceleration phase?

The second research question was addressed by determining the whole body and stance
leg kinematic features that were associated with achieving high RFmean over the initial
acceleration phase. This investigation revealed a number of kinematic characteristics
at touchdown and during the stance phase that were strongly related to a high RFumEean.
These findings suggested that lower limb kinematics around the stance foot, ankle, and
shank at touchdown, and during early stance, were strongly associated with high
‘technical performance’ (i.e., high RFmean) during the initial acceleration phase. To
elucidate the relationships between kinematic characteristics and a high RFmean, the
findings will be addressed firstly with respect to those present at touchdown, then
during the stance phase, followed by the interactions between such kinematics at

touchdown and during stance, and lastly spatiotemporal variables.

5.3.1 Touchdown kinematics

Significant negative relationships were found between angles of the foot and shank at
touchdown and RFwmEean (r = -0.724 and r = -0.764, respectively; p < 0.01). These
negative relationships suggest that a more anterior orientation (i.e., more clockwise if
viewed running left to right) of these lower limb segments, on average over the

touchdown events of the four steps, were associated with achieving high RF.

Due to the conventions used in this thesis, a more anterior orientation of each of the
respective segments is denoted by a smaller angle, hence, the orientation of these
segments that were associated with RF were a more vertical foot and a more horizontal
shank orientation in the sagittal plane at touchdown. As ankle angle at touchdown was
not related to RFmean (r = 0.154), this suggests that sprinters who achieved higher RF
did not typically have a more flexed or more extended ankle at touchdown. Therefore,
these relationships suggest that more forward orientation of both the foot and shank
segments at touchdown was more likely achieved primarily by a change in foot
orientation, than by a change in shank orientation. This is likely the case because, on
a mechanical basis, to achieve a more horizontal shank orientation without any change

in foot orientation, the ankle joint must be dorsiflexed. However, if the foot orientation
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becomes more vertical without any action at the ankle joint, the shank will inevitably
become more horizontal (i.e., by anterior rotation). Therefore, as sprinters who
achieved higher RF did not necessarily have a more flexed ankle, the segment
orientations at touchdown that were associated with high RF were likely achieved by
an active change in foot orientation (i.e., smaller angle), also leading to a consequent
change in shank orientation at touchdown due to the lack of any change in ankle joint

angles.

Touchdown distance, which is the difference in horizontal position between the whole-
body CM and the toe of the stance leg at touchdown, was also significantly related to
RFwMmean over the initial acceleration phase. This relationship was strong and negative
(r=-0.672, p <0.01), suggesting that touching down with the base of support further
behind the CM (i.e., a more negative touchdown distance) was associated with high
RF. As touchdown distance progressively increased throughout the initial acceleration
phase, the base of support shifted to be positioned in front of the whole-body CM by
step four. This means that higher RF is not only associated with placing the base of
support further behind the CM during the first steps (i.e., steps one and two), but also
touching down with the foot less far ahead of the CM during later steps (steps three
and four). Therefore, although it appears not possible to keep the stance foot behind
the whole-body CM at touchdown throughout the initial acceleration phase, aiming to
limit the increase in touchdown distance by keeping the stance foot as close to the
whole-body CM as possible once touchdown distances become positive appears

preferable.

As the whole-body CM position is a function of joint configurations and segment
orientations of a linked system from the point of contact at the distal end (i.e., toe) to
the vertex, a favourable touchdown distance could be the result of a range of different
joint and segment kinematic characteristics. Although the motion of the CM is fixed
during the flight phase prior to touchdown, a more negative (or less positive)
touchdown distance could theoretically be created by a more forward leaning upper
body or swing leg, or a more posteriorly extended stance leg, or a combination of both

(Figure 5.2).
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Figure 5.2. Representation of two examples of whole-body configurations with different angular
kinematics to achieve the same touchdown distance. Left figure with a more posteriorly extended leg
and more upright upper body, right figure with a more forward leaning upper body and less posteriorly
extended leg. Red circle denotes the whole-body CM position, green circle denotes the base of support
(toe marker), example normalised touchdown distance of -0.15 (arbitrary units).

To investigate the segment orientations associated with favourable touchdown
distance, Pearson’s correlations were conducted between normalised touchdown
distance and each of the kinematics measured. These correlations revealed that the
relationship between average trunk angle at touchdown and normalised touchdown
distance was small and negative (r = -0.211) (see appendix C). This suggests that
athletes who achieved more favourable touchdown distance did not necessarily have
either a smaller or larger trunk angle. Therefore, these relationships suggest that a more
negative (or less positive) touchdown distance is related to a more posteriorly extended leg
at touchdown (i.e., placing the base of support further behind the CM), as opposed to the

upper body being more anteriorly orientated at touchdown.

Similar to its relationship with touchdown distance, the relationship between average
trunk angle at touchdown over the four steps and RFmean was also small and negative
(r = -0.151). This suggests that trunk angle was also unimportant in relation to
producing high RF. It has been established that more forward orientations of the foot
and shank at touchdown were associated with RFmean. Therefore, it is more likely that
the segment orientations of the stance leg facilitated negative touchdown distance and
contributed to the production of high RF during the initial acceleration phase. The

implications of such relationships between stance leg configuration, touchdown
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distance, and RF, in conjunction with specific kinematics of interest during early

stance (section 5.3.2), will be further discussed in section 5.3.3.

It is important to note that the current thesis focussed on kinematics of the stance leg
and thus did not directly investigate characteristics related to the swing leg. The
position of the swing leg during stance (i.e., more trailing or rotated through) could be
a contributing factor for touchdown/toe-off distance, due to its effect on the whole-
body CM position. Therefore, future research could also seek to investigate the
kinematic characteristics of the swing leg in relation to RF during the initial
acceleration phase to explore the effect that swing leg positions may have on creating

favourable touchdown/toe-off distance.

5.3.2 Kinematics during stance

Following touchdown, the ankle dorsiflexed for a short period during the early part of
each stance phase (on average 14 + 3° of dorsiflexion). The average range of motion
of this dorsiflexion at the ankle was very strongly and significantly related to RFmean
over four steps (r = 0.728, p < 0.01). As this relationship was positive, it means that
larger dorsiflexion range of motion during early stance was associated with higher RF.
At face value, this appears potentially surprising because coaching practice for
sprinters often highlights the importance of a ‘stiff” ankle for higher performance, and
Nagahara and Zushi (2017) stressed the importance of ankle stiffness for improving
sprinting performance, but the study by Nagahara and Zushi (2017) concerned the
maximal velocity phase of sprinting. The finding of the current thesis suggests that,
during the initial acceleration phase, allowing more dorsiflexion during early stance
may be important for achieving high RF and is potentially more beneficial than a
‘stiffer’ ankle, for acceleration performance. Whilst Bezodis et al. (2017) found,
during the step nearest 5 m, that sprinters who demonstrated higher RF had a greater
amount of ankle dorsiflexion at touchdown, the current thesis extends this by
identifying that the range of dorsiflexion motion following touchdown may also be
important for RF. Although not statistically significant, the current thesis found that
the peak velocity of ankle dorsiflexion was moderately related to RFmean (r = -0.449).
This gives some indication that achieving greater dorsiflexion during early stance at a

faster rate might be important for achieving high RF. However, as this finding was not
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significant more research is needed to explore this potential factor and understand the
potentially complex interactions surrounding the foot, ankle, and shank mechanics
during the early stance phase. The findings with regard to dorsiflexion range of motion
also warrant further investigation to explore the implications of active ankle stiffness
or passive ankle flexibility for acceleration performance. For example, future research
could compare the intention of having a more or less ‘stiff’ ankle by actively
attempting to allow more and less dorsiflexion during sprint acceleration, or by
applying additional external assistance to limit ankle dorsiflexion and understanding
the performance implications of such limited motion during acceleration. Additionally,
this could be explored through an observational and cross-sectional study to analyse if
some sprinters passively possess more or less flexibility at the ankle which may impact
their dorsiflexion range of motion during acceleration, with the effect of such
characteristics on performance ultimately being considered. Additional participant
information, such as the stiffness/sole properties of the shoes worn by each sprinter
and their measured ankle flexibility, would have been useful for the discussion around
such implications as presented above. However, the raw data used in this thesis were
collected as part of an earlier project due to the restrictions imposed by the
COVID-19 pandemic. To this end, such information was not available but would be

useful to collect when conducting future research on sprint acceleration.

As discussed on a mechanical basis in relation to the changes in foot and shank
orientation at touchdown, the early-stance dorsiflexion observed could be a function
of a flattening of the foot (i.e., increase in foot segment angle), more anterior rotation
of the shank (i.e., decrease in shank segment angle), or a combination of both. A
qualitative assessment of the angle-time histories for the foot and shank segments
(Figure 4.5 and Figure 4.6, respectively) suggest that, on average over the initial
acceleration phase (particularly steps two to four), the shank angle decreases through
approximately the same range and at a similar rate as the foot angle increases during
early stance (i.e. shank and foot angles appear to display anti-phase coordination of
near equal dominance, although more specific co-ordination analyses using vector
coding would be required to quantify this in future studies). Therefore, on average over
the initial acceleration phase, it appears that dorsiflexion at the ankle is typically a
function of both the forward rotation of the shank and a flattening of the foot following

touchdown. However, during step one, the relative contributions of the foot and shank
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segments to early-stance dorsiflexion appear to be different from the following steps.
Compared to steps two to four, foot angle during the first half of stance in step one
remained relatively constant for most sprinters, and for those that flattened the foot,
the angular velocity of the movement during early stance was less pronounced than in
the following steps (Figure 4.5). Contrarily, the segment angular velocity-time history
of the shank during early stance retained a relatively unchanged pattern across all steps
in the majority of sprinters, despite the magnitude at touchdown typically decreasing
progressively (Figure 4.6). The difference in angular velocity characteristics between
the foot and shank suggests that, during the first step only, the early-stance dorsiflexion
is likely caused by more anterior rotation of the shank than flattening of the foot.
Donaldson et al. (2021) also found that coordination patterns between the foot and
shank during step one were considerably different from each of the following steps
during the initial acceleration phase. The findings of the current thesis determined that,
for investigating relationships with RF, assessing kinematic characteristics on average
over the initial acceleration phase was most appropriate. However, the aforementioned
findings with respect to coordination of the foot and shank segments warrant further
research to explore the potentially different relationships that may be present between
kinematic characteristics and other performance measures (i.e., not associated with

RF) during step one.

5.3.3 Kinematic interactions across stance

The kinematic characteristics at touchdown and during stance which were found to be
associated with achieving high RFmean describe a postural position that includes
anteriorly orientated lower limb segments at touchdown (more negative touchdown
distance, smaller angles of the foot and shank). Followed by action of the ankle to
facilitate anterior translation of the whole-body CM during early stance (greater ankle
dorsiflexion range of motion), with possible implications for this ankle action to
facilitate faster translation of the CM (peak dorsiflexion velocity). It has been clearly
demonstrated in the sprint running literature that extension of the hip, knee, and ankle
joints (in a proximal-to-distal sequence) occurs in each stance phase during the
acceleration phase of maximal sprint efforts (Jacobs & van Ingen Schenau, 1992;

Charalambous et al., 2012; Bezodis et al., 2014; Brazil et al., 2017; Bezodis et al.,
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2019). The findings of this thesis may extend the understanding of an important
interaction between the position of the whole-body CM at touchdown, anterior
translation during early stance, and mid-to-late stance extension, when put into the
context of the study by Jacobs and van Ingen Schenau (1992), which investigated
patterns of intermuscular coordination during sprint acceleration. Their study
described how the whole-body CM is translated and accelerated horizontally during
stance by means of both rotation and extension of the stance leg around the base of
support (Figure 2.9). Jacobs and van Ingen Schenau (1992) found that highly trained
sprinters delayed the extension of their CM away from the base of support until the
CM had been rotated further forwards, relative to the base of support (Figure 2.9).
Although the measures of touchdown and toe-off distance were not reported by Jacobs
and van Ingen Schenau (1992), their findings suggest that better performing sprinters
adopted a whole-body orientation at toe-off that is similar to a more favourable (i.e.,
negative) toe-off distance. The findings of the current thesis suggest such a movement
strategy is important for achieving high RF during the whole initial acceleration phase,
where kinematic characteristics that position the whole-body CM further ahead of the
base of support (i.e., contact foot) at touchdown and those that facilitate anterior
translation during early stance before extension occurs, were strongly related to RF.
The current findings also extend the findings by Jacobs and van Ingen Schenau (1992)
to show that more favourable touchdown distance, facilitated by the repositioning of
the stance leg more posteriorly during flight, may provide a benefit to both acceleration
performance and RF capability. This is because adopting such a position at touchdown
may reduce the requirement for the whole-body CM to rotate about the stance foot
before leg extension can commence (i.e., the proximal to distal extension pattern
described above can begin earlier because less rotation is required to get into
favourable position). This links with theoretical findings by Bezodis et al. (2015),
where sprinters’ capability to produce high RF was found to increase with a more
posteriorly positioned foot at touchdown. Bezodis et al. (2017) suggested that
attempting to utilise both previously mentioned movement strategies (i.e., Jacobs &
van Ingen Schenau (1992) and Bezodis et al. (2015)) by rotating the CM rapidly at
touchdown (relative to the stance foot) with the stance foot further behind the CM,
could exaggerate RF capability even further. This rapid rotation of the CM about the
stance foot potentially links to the ankle dorsiflexion range of motion and peak

dorsiflexion velocity findings from the current thesis. However, as previously
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mentioned, the relationship between RF and peak dorsiflexion velocity was not

significant, so further investigation is required to determine if this is the case.

5.3.4 Spatiotemporal variables

Average step frequency over four steps was very strongly related to RFvean (r = 0.715,
p <0.01), while the relationship between average normalised step length and RFvean was
small and negative, but not significant (r = -0.296). Previous studies have reported
conflicting evidence on the relative importance of step length and step frequency for
sprinting performance over a range of major sprint phases. However. it is important to
consider the context of data collection and measures of sprint performance used by the
different studies which likely explain the varied results reported. For example, Ito et al.
(2006) found better sprinters had a larger step length between their first and second
steps, when sprinters were classified using their 100 m personal best times. However,
Nagahara et al. (2014a) found that the relative importance (i.e., for measured
acceleration) of step length and step frequency changed depending on different
sections of the sprint acceleration phase. Nagahara et al. (2014a) found that increasing
step frequency was of most importance up to the third step but increasing step length
was more important from the 5 to the 15" step. The results of the current thesis found
that, for achieving high RF during the initial acceleration phase in isolation, higher

step frequency is more strongly related to RF than higher step length.

The very strong relationship observed between step frequency and RFvean may be
indicative of a smaller vertical component of force being applied during each stance
phase. As a large relative horizontal component (Fu) of the resultant force vector (Fr)
is fundamentally required for achieving high RF, this is inherently accompanied by a
relatively smaller vertical component of the vector. Nagahara et al. (2019b) found that
step frequency increased in the initial two steps (through decreases in support time and
flight time) when athletes were instructed to lean the body forward during acceleration.
Nagahara et al. (2019b) suggested this change was caused by a notable decrease in
vertical and braking impulse, without an increase in propulsive horizontal impulse.
Therefore, a higher step frequency is possibly a function of the larger horizontal GRF

component and smaller vertical component, and hence RF achieved, rather than being
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a technical feature displayed by the sprinter that is associated with higher RF.
However, due to the nature of the study design, the causality between interacting
variables cannot be determined. As such, future investigation may be required if this

interaction is to be investigated directly.

5.4 How strongly do the kinematic characteristics, which are
strongly related to RF, relate to initial acceleration phase
performance?

The third research question was addressed to ultimately determine if any of the RF-
associated kinematic characteristics were related to performance, or to elucidate any
potential conflicting findings between RF-associated kinematics and performance-
associated kinematics. This investigation revealed that, among the RF-associated
kinematics, only average normalised touchdown distance was also strongly and
significantly related to performance over the initial acceleration phase (r = -0.710,
p <0.01). Each of the other kinematic characteristics of interest were moderately, but
non-significantly, related to performance. However, each of the relationships observed
with performance were in the same direction as those observed with RFmean.
Therefore, it can be concluded that, although they may not be directly beneficial to
performance, the kinematic characteristics associated with high RF production, were

not detrimental to initial acceleration phase performance.

Due to the exploratory nature of this thesis, the relationships between the dependent
variables of interest (i.e., NAHEP, RFumean, and normalised touchdown distance) and
each of the measured kinematic and spatiotemporal variables were also analysed. A
number of kinematic characteristics were strongly related to initial acceleration phase
performance (NAHEP) but not strongly related to RFmean. These were normalised
toe-off distance, contact time, and touchdown hip angle (r = -0.664,
p<0.01;r=-0.738,p < 0.01; r=0.536, p < 0.05; respectively; section 4.3.5). Contact time
and touchdown hip angle were both also strongly related to normalised touchdown
distance (r = 0.831 and r = -0.746, respectively; p < 0.01; appendix C). The strong
relationship between NAHEP and a larger hip angle at touchdown again suggests that
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greater performance may be achieved with the stance leg more posteriorly extended
(i.e., due to a larger hip angle), relative to the upper body, which again suggests some
interaction with the segment orientations comprising more favourable touchdown
distance. The strong negative relationship between NAHEP and contact time,
considering the strong positive relationship between normalised touchdown distance
and contact time, may also suggest an important interaction between each of the
aforementioned measures. If the contact foot is placed in a more anterior position
compared to the CM at touchdown, there is theoretically more requirement for a long
contact time to translate the whole-body CM into a more anterior position, relative to
the foot (i.e., leaving foot in a posterior position), before extension occurs and toe-off
is reached (i.e., resulting in a longer contact time). Therefore, where contact time is
shorter, touchdown distance is less positive, and NAHEP is higher. This relationship
also highlights an important consideration for the measured components comprising
NAHEP and RFwmEan, and the relationships between these measures and contact time.
A mechanical link exists between NAHEP and RFumEean, as they both provide a quantity
related to the propulsive impulse produced by the athlete. However, an important
distinction between the two measures is the inclusion of the time component in
NAHEP. Considering this distinction, it is to be expected that a stronger relationship
was observed between contact time and NAHEP compared to RFmean, as reduced
contact time inherently increases NAHEP due to a smaller denominator in the

calculation (i.e., At; equation 3.7).

The significant relationships found between NAHEP and normalised toe-off distance,
contact time, and touchdown hip angle, reinforce the interaction between the lower
limb segment configurations that comprise the favourable postural position for more
negative touchdown distance and their association with initial acceleration phase
performance. However, these relationships appear to contradict the traditional
coaching paradigm of ‘front-side mechanics’ in sprint acceleration (Mann & Murphy,
2015). This coaching practice suggests that body segments that are positioned
posteriorly to a theoretical straight line drawn through the upper body (i.e., trunk) are
considered ‘back-side mechanics’, hence, those positioned anteriorly to such line are
considered ‘front-side mechanics’. Mann and Murphy (2015) advocated that sprinters
should be ‘front-side’ orientated from the very first step; stating that, for more than

twenty years, coaches have attempted to optimise ‘front-side mechanics’ and minimise
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‘back-side mechanics’ to increase acceleration performance. The findings of this thesis
suggest that more negative touchdown and toe-off distance, hence maximising ‘back-
side mechanics’, are strongly related to sprint acceleration performance. Haugen et al.
(2017) also found that the relationship directions (i.e., with accelerated running
performance) for most front- and back-side variables during accelerated running were
opposite compared to how the theoretical concept has been described. Therefore, this
thesis also provides some evidence to support the findings of Haugen et al. (2017),
suggesting that optimising ‘back-side mechanics’ may be of more importance for

sprint acceleration performance than ‘front-side mechanics’

As the majority of the RF-associated kinematics were not strongly related to
performance, this suggests that each of the respective kinematic characteristics cannot
solely be important for initial acceleration performance, rather that the interaction of a
number of these kinematics may be required to achieve higher performance. From a
series of stepwise multiple linear regressions (see appendix D) performed on pairs of
kinematic characteristics strongly related to performance but not RF (i.e., normalised
toe-off distance, contact time, and touchdown hip angle) and the kinematic
characteristics strongly related to RF but not performance (i.e., step frequency, ankle
dorsiflexion range of motion, touchdown foot angle, and touchdown shank angle), the
only findings of statistical significance were the couples of ‘normalised toe-off
distance; normalised touchdown distance’ and ‘normalised toe-off distance; ankle
dorsiflexion range of motion’. These couples accounted for 66% and 60% of the
variance (adjusted R?) in NAHEP, respectively, with relative importance (i.e.,
[S-coefficient) of -0.481;-0.549 and -0.666;0.461, respectively. Within these pairs,
‘normalised toe-off distance; ankle dorsiflexion range of motion’ provided the only
notable insight. As ankle dorsiflexion range of motion combined with normalised toe-
off distance to account for 60% of the variance in NAHEP, this suggests that higher
performance can be achieved if sprinters dorsiflex more during early stance, but this
further dorsiflexion must facilitate, or be accompanied by, more favourable toe-off
distance (i.e., CM further ahead of the stance foot at toe-off). These multiple linear
regressions to explore potential interactions between kinematic features were included
as a supplementary approach to identify further ways to potentially investigate and
understand the relationships between kinematic characteristics, RF, and initial

acceleration phase performance in future research. Although outside of the scope of
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the aim of the current thesis, future work could explore such methods with a larger
sample size where more complex analyses using a regression-based approach with

multiple variables are viable.

5.5 Limitations and considerations for future research

The data presented in this thesis was collected from a cohort of fourteen trained male
sprinters who completed maximal sprint efforts from a block start. This population was
used so it was similar to that used in previous studies that have investigated acceleration
performance from a block start (i.e., Bezodis et al. 2020). However, future research could
potentially benefit from analysing the kinematic characteristics of interest presented in this
thesis within other populations such as elite/world class sprinters or female sprinters to
explore if athletes of a higher performance level or different sex exhibit the same or
different kinematic characteristics to achieve high RF and performance during the initial
acceleration phase. In extension to this, a larger sample size from any of the aforementioned
populations would be of benefit to future investigations, allowing exploration of more
complex regression analyses. As the data presented in this thesis was collected from a block
start, the kinematic characteristics observed in the first steps on the track may be
considerably different from those exhibited during a standing start. While athletes who
practice other sports, where the ability to accelerate may be crucial for success, may be
interested in the findings of this thesis, the practical implications of these findings may not
be transferrable to other populations, compared to sprinters who typically start from a block
start (Wild et al., 2018). This limitation may be particularly relevant for sprinters who
participate in relay events and many team sports athletes. Therefore, future research could
be conducted to investigate similar research questions in team sports athletes starting from
a standing position should practitioners in these sports wish to understand the kinematic

features associated with high RF producing abilities.

An additional methodological consideration is in respect to the modelling of the foot. In the
current thesis, the foot segment was modelled as a rigid segment from the toe marker to the
heel marker. However, as the foot is a deformable segment, where the interaction with the

ground at each touchdown event may be affected by movement at the various joints within
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the foot, greater consideration of the modelling of the foot may be warranted in future
studies, particularly given the findings of the current thesis that the foot, ankle, and shank
kinematics are associated with high RF. The current thesis used an end-to-end rigid
segment definition for the foot to achieve a more global representation of the overall foot
orientation without consideration for the within foot motion, whilst for calculating
ankle angle an ankle joint centre-MTP joint centre segment definition was used to
provide a closer representation of the true ankle kinematics. As the findings of the
current thesis suggest that higher RF capability is more likely dictated by action around
the ankle joint, through the interaction of the foot and shank, than more proximal
segments, future research could consider adopting a more complex foot model
including within-foot motion to extend the current understanding. However, if a multi-
segment foot model is used, caution must be applied to the experimental protocol and
marker model used to ensure that accurate multi-segment foot kinematics are obtained.
As there is a possibility to introduce inaccuracies in data collected from a larger
number of spike-mounted markers, recent studies have mounted markers on the foot
by cutting holes in the running shoe to increase the accuracy of their findings (Trudeau
et al., 2017). Therefore, it is advised that more detailed foot modelling in the context
of sprinting should consider adopting such practices if such a detailed foot model is to

be incorporated in future research in the current area of interest.

Due to the exploratory nature of this thesis, a large range of kinematic characteristics
were measured and correlated with RFmean to comprehensively determine the strength
of the relationships between such measures and identify the most strongly related
characteristics. However, undertaking a large number of statistical tests without
applying a correction inherently increases the likelihood of a type I error (Field, 2017).
A correction was not applied to the relationships comprising the primary findings of
this thesis (i.e., relationships between kinematic characteristics and RFmean) because
of the exploratory nature of this research and thus it was deemed that this was
preferable above increasing the likelihood of a type II error. This has enabled the
establishment of significant relationships that may exist between the measured
variables which can then be used to inform future investigations with a smaller, more
focused scope. Therefore, as a number of significant relationships were observed
between kinematic characteristics, particularly those toward the distal end of the stance

leg, and RFmEan, future research can focus on exploring these findings in more detail
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without needing to consider some of the other variables considered in this thesis, and
can thus utilise robust statistical analyses to more confidently determine the strength

of the relationships observed as well as investigating potential explanations for them.

Lastly, as described in section 5.3.1, the current thesis focussed on kinematics of the
stance leg and thus did not directly investigate characteristics related to the swing leg.
However, future research could benefit from an investigation into the kinematic
characteristics of the swing leg in relation to RF during the initial acceleration phase
to explore the effect that swing leg positions may have on creating favourable

touchdown/toe-off distance.

5.6 Practical implications

The findings of the current thesis suggest that step-to-step variation in RF during the
initial acceleration phase of sprinting is not related to performance, and that RFmean
is the only measure of ‘technical performance’ that is strongly related to performance
during the initial acceleration phase. Therefore, sprinters and coaches should prioritise
the production of a high RF over the whole initial acceleration phase above trying to
ensure a consistent decline in RF as velocity increases. With respect to achieving this
high RFmeaN, and also for maximising acceleration performance, negative touchdown
distance was the only measure to be strongly associated with both measures. As the
trajectory of the CM is pre-determined during flight, sprinters who demonstrated this
favourable whole-body position at touchdown likely achieved it by repositioning the
stance leg during flight to touchdown with a more posteriorly extended leg. Therefore,
the foot and shank segment angles were more forward at touchdown to position their
contact foot further behind their CM (or less far in front as the initial acceleration phase
progressed). Therefore, sprinters should attempt to reposition the stance leg to achieve
this configuration during flight to maximise the difference in displacement between
the whole-body CM and the contact foot at touchdown during each of the four steps
that comprise the initial acceleration phase. Following touchdown, ankle dorsiflexion
range of motion was very strongly related to RFmean, suggesting that this forward

rotation to potentially translate the CM more anteriorly during early stance is important
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for achieving high RF. However, with regards to its importance for acceleration
performance, this dorsiflexion during early-stance also potentially needs to lead to a
more negative toe-off distance (i.e., the CM further ahead of the stance toe at toe-ofY).
To maximise RF capability following touchdown during initial acceleration, sprinters
and coaches should prioritise dorsiflexion at the ankle during early stance by
attempting to actively dorsiflex above trying to maintain stiffness at the ankle, or by
working to increase flexibility of the ankle to allow more passive dorsiflexion range

of motion.

To allow the acute manipulation and long-term training of a sprinter’s kinematics
during the initial acceleration phase to mimic the favourable features highlighted in
this thesis, coaches would need to design and implement drills during training. These
drills should encourage the adoption of such movement strategies to enhance RF
capability. Coaches may consider consulting strength and conditioning coaches or skill
acquisition specialists to help to develop training programmes to achieve the technical
or physical changes required so the athlete can adopt such favourable kinematic

characteristics during sprint acceleration.

5.7 Thesis conclusion

This thesis aimed to investigate the relationships between kinematic characteristics and
RF during the initial acceleration phase of sprinting. A preliminary investigation into
the relationships between RF-associated measures and initial acceleration performance
was conducted to evaluate their relative importance as performance determinants and
to assess the effect of step-to-step variation in RF on initial acceleration performance.
The results revealed that RFvean was the only significant predictor of performance
(quantified by NAHEP), among the RF-associated measures of interest, and step-to-
step variation in RF was not related to performance. As such, technical performance
during initial acceleration can be appropriately quantified using mean RF over the four
steps, and sprinters and coaches should prioritise the production of a high RF over the
whole initial acceleration phase above trying to ensure a consistent decline in RF as

velocity increases. To address the primary aim of this thesis, kinematic characteristics
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averaged over four steps were then investigated in relation to RFmean. At touchdown,
a negative touchdown distance, where the stance foot was placed in a more posterior
position relative to the CM, was found to be associated with a higher mean RF. The
lower limb segment positions that likely comprised this negative touchdown distance,
and were very strongly associated with high RF, were more a forward orientation of
the foot and shank segments. Following touchdown, ankle dorsiflexion range of
motion was very strongly related to RFmean, suggesting that allowing more
dorsiflexion during early stance through the initial acceleration phase is important for
achieving high RF. On a higher level looking at spatiotemporal step characteristics, a
very strong relationship was found between step frequency and RFmean, which is
likely a result of a lower proportion of the vertical component of the resultant force
vector when high RF is achieved, leading to reduced contact and flight times. Although
none of the kinematic characteristics associated with RF caused a detrimental effect to
performance, only touchdown distance was strongly related to both RF and initial
acceleration performance. Sprinters should attempt to maximise the difference in
displacement between the whole-body CM and the contact foot at touchdown during
each of the four steps comprising the initial acceleration phase. As the trajectory of the
CM is pre-determined during flight, sprinters can achieve this through repositioning
the stance leg during flight to touchdown with a posteriorly extended leg, where the
foot and shank segments are orientated further forward. Following touchdown,
sprinters and coaches should prioritise dorsiflexion at the ankle during early stance by
attempting to actively dorsiflex above trying to maintain stiffness at the ankle, or by
working to increase flexibility of the ankle to allow more passive dorsiflexion range

of motion.
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APPENDICES

Appendix A: Residual analysis to select the cut-off frequency of the
Butterworth low-pass filter used to smooth the kinematic data

The residual analysis was conducted, manually using chart and line tools in Excel, on
the vertical and antero-posterior axes of four marker trajectories (toe, lateral ankle,
lateral knee & hip markers) for three randomly chosen sprinters from the cohort
following procedures by Winter (2009). The cut-off frequencies determined from the
residual analysis for each axis for each marker were subsequently averaged across all
markers for a participant and then averaged across all between participants to obtain

an appropriate cut-off frequency for applying to the kinematic data (Table A1).

Table (Al). Cut-off frequencies for antero-posterior (A-P) and vertical (V) coordinate
trajectories across toe, lateral ankle, lateral knee, and lateral hip markers on three participants,
with determined cut-off frequency (Fc) for the kinematic data.

Participant 1 Participant 5 Participant 10

Toe A-P 13 13 13
Toe V 15 14 13
Lateral ankle A-P 12 15 12
Lateral ankle V 14 18 14
Lateral knee A-P 11 12 11
Lateral knee V 14 17 13
Lateral hip A-P 15 12 11
Lateral hip V 14 16 16
Fc
Average 14 15 13 14

The residual analysis determined that the appropriate cut-off frequency for the
Butterworth low-pass filter was 14 Hz, this frequency was used to apply the filter to

all of the kinematic data presented in this thesis.
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Appendix B: Pairwise comparisons for significant effects between
steps

For measures where a main effect of step number was identified, pairwise comparisons
with Bonferroni adjustment were calculated to identify any pairwise significant effects

between each of the four steps. For variables that did not show significant step-to-step

differences across all steps, full details of these pairwise effects are presented below.

Table (B1). Significant step-to-step differences for measures where a significant main effect
of step number over the four steps was identified.

Measure Units Step 1 Step 2 Step 3 Step 4
Average Fr magnitude (BW) 34 34 12 12
Peak Fr magnitude (BW) 4 34 2 12
Average Fu component (BW) 234 134 12 12
Peak propulsive Fu component (BW) 234 14 1 12
Peak braking Fu component (BW) - 4 - 2
Average Fv component (BW) 34 34 124 123
Peak Fv component (BW) 34 34 12 12
AHEP W) 234 1 1 1
NAHEP 234 1 1 1
Normalised touchdown distance 234 134 12 12
Flight time (s) 234 14 1 12
Step frequency (steps.s™h) 34 4 1 12
Foot touchdown velocity (m.s) - 4 - 2
Ankle dorsiflexion RoM ©) 3 4 1 2
Ankle plantar flexion RoM ©) 4 4 4 123
Ankle angle at toe-off ©) 4 - - 1
Ankle angular velocity at C.sh 234 14 1 12
touchdown

Ankle peak dorsiflexion velocity C.sh 234 14 14 123
Ankle angular velocity at toe-off C.sh 34 - 1 1
Knee early flexion RoM ©) - - - -
Knee extension RoM ©) 34 34 124 123
Knee late flexion RoM ©) - - - -
Knee angular velocity at touchdown C.sh 34 4 1 12
Knee peak extension velocity °.sh 34 - 1 1
Knee peak flexion velocity C.sh 2 1 - -
Knee angular velocity at toe-off C.sh 234 14 1 12
Hip angle at touchdown ©) 34 - 1 1
Hip extension RoM ©) 3 - 1 -
Hip angle at toe-off ©) 4 4 4 123
Hip angular velocity at toe-off C.sh 34 4 1 12
Foot angle at touchdown © 234 134 12 12
Foot angle at toe-off ©) 34 4 1 12
Foot angular velocity at touchdown °.sh 34 34 12 12
Foot angular velocity at toe-off C.sh 3 - 1 -
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Measure Units Step 1 Step 2 Step 3 Step 4
Shank angle at touchdown ©) 234 1 1 1
Thigh angle at touchdown ©) 34 - 1 1
Thigh angle at toe-off ©) - 4 - 2
Thigh angular velocity at C.sh 234 1 1 1
touchdown

Trunk angle at touchdown ©) 234 14 1 12
Trunk angle at toe-off © 34 4 1 12
Trunk angular velocity at C.sh 34 4 1 12
touchdown

Trunk angular velocity at toe-off C.sh - 34 2 2

Numbers in each column represent steps where a significant step-to-step differences were observed (p < 0.05)

(e.g., for Average Fr magnitude on step 1, significant differences were observed with steps 3 and 4).
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Appendix C: Relationships between performance measures and all
measured variables

Table (C1). Pearson’s correlations for RFmean, NAHEP, and normalised touchdown distance
with kinematic and kinetic measures, including 95% confidence intervals.

Measure Units Correlation Lower C.I.  Upper C.I.
Ankle dorsiflexion © RFMEAN 0.728 0.321 0.908
RoM NAHEP 0.458 -0.096 0.795
Normalised TDD -0.683 -0.891 -0.238
Ankle plantar flexion © RFMEAN 0.110 -0.447 0.605
RoM NAHEP 0.167 -0.399 0.641
Normalised TDD 0.178 -0.389 0.648
CM displacement at (m) RFMEAN -0.463 -0.798 0.090
touchdown NAHEP 0.105 -0.450 0.602
Normalised TDD 0.084 -0.467 0.589
Normalised CM height (m) RFMEAN 0.000 -0.531 0.530
at touchdown NAHEP 0.147 -0.416 0.628
Normalised TDD -0.122 -0.613 0.437
CM velocity at (m.s')  RFMEAN -0.199 -0.660 0.371
touchdown NAHEP 0.379 -0.190 0.757
Normalised TDD 0.122 -0.437 0.613
Normalised toe-off RFMEAN 0.428 -0.132 0.781
distance NAHEP 0.664 0.206 0.883
Normalised TDD -0.334 -0.734 0.239
CM displacement at (m) RFMEAN -0.507 -0.818 0.032
toe-off NAHEP -0.058 -0.571 0.487
Normalised TDD 0.309 -0.265 0.721
Normalised CM height (m) RFMEAN -0.046 -0.563 0.497
at toe-off NAHEP 0.298 -0.276 0.716
Normalised TDD -0.272 -0.701 0.302
CM velocity at toe-off (m.s?)  RFMEAN -0.151 -0.631 0.413
NAHEP 0.339 -0.234 0.737
Normalised TDD 0.120 -0.439 0.611
Contact time (s) RFMEAN -0.406 -0.771 0.159
NAHEP -0.738 -0.912 -0.342
Normalised TDD 0.831 0.537 0.945
Drr (%s/m) RFMEAN 0.652 0.185 0.879
NAHEP 0.333 -0.240 0.734
Normalised TDD -0.624 -0.868 -0.140
© RFMEAN -0.724 -0.906 -0.313
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Measure Units Correlation Lower C.I.  Upper C.I.
Foot angle at NAHEP -0.406 -0.771 0.158
touchdown Normalised TDD 0.597 0.097 0.856
Foot angle at toe-off © RFMEAN -0.334 -0.734 0.239
NAHEP -0.333 -0.734 0.240
Normalised TDD 0.038 -0.503 0.557
Foot angular velocity at st RFMEAN 0.408 -0.156 0.772
touchdown NAHEP -0.086 -0.589 0.466
Normalised TDD -0.223 -0.674 0.349
Foot angular velocity at st RFMEAN 0.214 -0.357 0.669
toe-off NAHEP 0.176 -0.391 0.646
Normalised TDD -0.284 -0.708 0.291
Foot touchdown (m.s)  RFMEAN -0.398 -0.767 0.168
velocity NAHEP -0.430 -0.782 0.130
Normalised TDD 0.616 0.127 0.864
Flight time (s) RFMEAN -0.242 -0.685 0.331
NAHEP 0.257 -0.317 0.693
Normalised TDD -0.297 -0.715 0.277
Hip angle at © RFMEAN 0.295 -0.280 0.714
touchdown NAHEP 0.536 0.008 0.831
Normalised TDD -0.746 -0.915 -0.356
Hip angle at toe-off © RFMEAN 0.098 -0.456 0.598
NAHEP 0.378 -0.191 0.757
Normalised TDD -0.261 -0.695 0.313
Hip angular velocity at st RFMEAN 0.201 -0.369 0.661
touchdown NAHEP -0.035 -0.555 0.505
Normalised TDD 0.071 -0.478 0.58
Hip angular velocity at st RFMEAN 0.036 -0.504 0.556
toe-off NAHEP 0.335 -0.237 0.735
Normalised TDD 0.078 -0.472 0.584
Hip extension RoM © RFMEAN -0.234 -0.680 0.339
NAHEP -0.213 -0.668 0.358
Normalised TDD 0.580 0.071 0.849
Hip peak extension st RFMEAN -0.268 -0.699 0.306
velocity NAHEP 0.129 -0.431 0.617
Normalised TDD 0.227 -0.345 0.676
Knee early flexion © RFMEAN -0.292 -0.712 0.283
RoM NAHEP -0.012 -0.539 0.522
Normalised TDD 0.463 -0.089 0.798
Knee late flexion RoM © RFMEAN 0.372 -0.198 0.754
NAHEP -0.273 -0.702 0.301
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Measure Units Correlation Lower C.I.  Upper C.I.
Normalised TDD 0.035 -0.505 0.555
Knee angle at RFMEAN -0.326 -0.730 0.247
touchdown ©) NAHEP 0.044 -0.498 0.561
Normalised TDD -0.213 -0.668 0.358
Knee angle at toe-off © RFMEAN -0.202 -0.662 0.368
NAHEP 0.206 -0.364 0.664
Normalised TDD -0.051 -0.566 0.493
Knee angular velocity st RFMEAN -0.226 -0.676 0.346
at touchdown NAHEP -0.269 -0.700 0.305
Normalised TDD 0.058 -0.488 0.571
Knee angular velocity st RFMEAN -0.413 -0.774 0.151
at toe-off NAHEP 0.311 -0.263 0.722
Normalised TDD 0.029 -0.510 0.551
Knee extension RoM © RFMEAN 0.149 -0.414 0.630
NAHEP 0.136 -0.426 0.621
Normalised TDD 0.156 -0.408 0.634
Knee peak flexion © RFMEAN -0.277 -0.704 0.297
angle NAHEP 0.044 -0.498 0.562
Normalised TDD -0.272 -0.701 0.303
Knee peak extension © RFMEAN -0.168 -0.642 0.398
angle NAHEP 0.184 -0.385 0.651
Normalised TDD -0.049 -0.565 0.494
Knee peak extension st RFMEAN -0.167 -0.641 0.399
velocity NAHEP 0.328 -0.245 0.731
Normalised TDD 0.185 -0.383 0.652
Knee peak flexion st RFMEAN -0.228 -0.677 0.344
velocity NAHEP 0.394 -0.173 0.765
Normalised TDD -0.144 -0.626 0.419
Ankle peak plantar st RFMEAN 0.311 -0.263 0.722
flexion velocity NAHEP 0.249 -0.324 0.689
Normalised TDD -0.164 -0.639 0.402
Average Fu component (BW) RFMEAN 0.362 -0.209 0.749
NAHEP 0.719 0.304 0.904
Normalised TDD -0.744 -0.914 -0.353
Average Fr magnitude (BW) RFMEAN -0.177 -0.647 0.391
NAHEP 0.379 -0.189 0.757
Normalised TDD -0.415 -0.775 0.148
Average Fv component (BW) RFMEAN -0.200 -0.661 0.370
NAHEP 0.347 -0.225 0.741
Normalised TDD -0.399 -0.767 0.167
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Measure Units Correlation Lower C.I.  Upper C.I.
Ankle peak © RFMEAN -0.258 -0.693 0.316
dorsiflexion angle NAHEP 0.129 -0.431 0.617
Normalised TDD -0.200 -0.661 0.369
Ankle peak st RFMEAN -0.449 -0.791 0.107
dorsiflexion velocity NAHEP -0.520 -0.823 0.015
Normalised TDD 0.743 0.35 0.913
Peak braking Fu (BW) RFMEAN 0.403 -0.162 0.769
component NAHEP 0.381 -0.187 0.758
Normalised TDD -0.558 -0.840 -0.039
Peak propulsive Fu (BW) RFMEAN 0.245 -0.329 0.686
component NAHEP 0.626 0.143 0.868
Normalised TDD -0.410 -0.773 0.154
Peak Fr magnitude (BW) RFMEAN -0.110 -0.605 0.447
NAHEP 0.363 -0.207 0.749
Normalised TDD -0.407 -0.771 0.157
Peak Fv component (BW) RFMEAN -0.134 -0.620 0.427
NAHEP 0.343 -0.230 0.739
Normalised TDD -0.411 -0.773 0.153
Linearity of the RF-vu RFMEAN -0.491 -0.810 0.054
fit (R?) NAHEP -0.280 -0.706 0.294
Normalised TDD 0.136 -0.425 0.622
RFo (%) RFMEAN -0.454 -0.794 0.100
NAHEP -0.090 -0.592 0.462
Normalised TDD 0.493 -0.051 0.811
Shank angle at © RFMEAN -0.764 -0.921 -0.392
touchdown NAHEP -0.330 -0.732 0.244
Normalised TDD 0.364 -0.206 0.750
Shank angle at toe-off © RFMEAN -0.235 -0.680 0.338
NAHEP -0.006 -0.535 0.527
Normalised TDD -0.187 -0.653 0.381
Shank angular velocity st RFMEAN -0.309 -0.721 0.265
at touchdown NAHEP -0.443 -0.788 0.114
Normalised TDD 0.272 -0.302 0.701
Shank angular velocity st RFMEAN -0.511 -0.820 0.026
at toe-off NAHEP 0.151 -0.412 0.631
Normalised TDD 0.131 -0.430 0.619
Step frequency (steps.s’) RFMEAN 0.715 0.297 0.903
NAHEP 0.434 -0.126 0.784
Normalised TDD -0.466 -0.799 0.085
Normalised step length RFMEAN -0.296 -0.714 0.279
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Measure Units Correlation Lower C.I.  Upper C.I.
NAHEP 0.412 -0.152 0.773
Normalised TDD -0.078 -0.584 0.472
Ankle angle at © RFMEAN 0.154 -0.410 0.633
touchdown NAHEP 0.357 -0.214 0.746
Normalised TDD -0.540 -0.832 -0.013
Ankle angular velocity st RFMEAN -0.072 -0.580 0.477
at touchdown NAHEP -0.072 -0.580 0.477
Normalised TDD 0.197 -0.372 0.659
Thigh angle at © RFMEAN -0.252 -0.690 0.322
touchdown NAHEP -0.392 -0.764 0.175
Normalised TDD 0.677 0.229 0.889
Thigh angle at toe-off © RFMEAN 0.076 -0.473 0.583
NAHEP -0.311 -0.722 0.263
Normalised TDD -0.089 -0.592 0.463
Thigh angular velocity st RFMEAN -0.174 -0.645 0.393
at touchdown NAHEP -0.392 -0.764 0.175
Normalised TDD 0.526 -0.007 0.826
Thigh angular velocity st RFMEAN 0.304 -0.270 0.719
at toe-off NAHEP -0.374 -0.755 0.195
Normalised TDD 0.046 -0.497 0.563
Ankle angle at toe-off © RFMEAN -0.141 -0.625 0.421
NAHEP 0.220 -0.352 0.672
Normalised TDD -0.047 -0.564 0.496
Ankle angular velocity st RFMEAN -0.087 -0.590 0.465
at toe-off NAHEP 0.126 -0.434 0.615
Normalised TDD 0.092 -0.461 0.593
Trunk angle at © RFMEAN -0.151 -0.631 0.413
touchdown NAHEP -0.134 -0.620 0.427
Normalised TDD 0.211 -0.360 0.667
Trunk angle at toe-off © RFMEAN -0.180 -0.649 0.388
NAHEP -0.057 -0.570 0.488
Normalised TDD 0.090 -0.463 0.592
Trunk angular velocity C.sh RFMEAN -0.272 -0.702 0.302
at touchdown NAHEP 0.027 -0.511 0.550
Normalised TDD -0.398 -0.767 0.168
Trunk angular velocity C.sh) RFMEAN -0.223 -0.674 0.348
at toe-off NAHEP 0.260 -0.314 0.694
Normalised TDD -0.159 -0.636 0.406

Normalised TDD = Normalised touchdown distance.

94



Appendix D: Multiple linear regression results

Bivariate Pearson’s correlations to address the primary aim of this thesis found some
kinematic characteristics were strongly related to RF but not initial acceleration phase
performance, and vice versa. This suggested that multivariate analyses may be
required to thoroughly explore such relationships. Table D1 depicts a series of
stepwise multiple linear regressions performed on variables strongly related to
performance but not RF (normalised toe-off distance, contact time and touchdown hip
angle), and those strongly related to RF but not performance (normalised touchdown
distance, step frequency, ankle dorsiflexion range of motion, touchdown foot angle
and touchdown shank angle) to assess their individual and combined share of the

variance in initial acceleration phase performance (NAHEP).

Table (D1). Multiple linear regression between kinematic characteristics strongly related to
performance but not RF and kinematic characteristics strongly related to RF but not
performance to assess contribution to the variance in initial acceleration performance.

Measure F Adjusted R? B-coefficient

NAHEP-related RF-related

Normalised Touchdown Distance 13.4%** 66% -0.481% ; -0.549**
Step Frequency 4.8% 37% -0.587*; 0.172
Normalised Toe-off
Di Ankle Dorsiflexion RoM 10.4%* 59% -0.666*%* ; 0.461*
istance
Touchdown Foot Angle 8. 1%* 60% -0.657** ; -0.394
Touchdown Shank Angle 4.6* 36% -0.622%* ; -0.137
Normalised Touchdown Distance 7.4%* 50% -0.481;-0.310
Step Frequency 8.6%* 54% -0.672%* ; 0.265
Contact time Ankle Dorsiflexion RoM 6.7* 47% -0.697* ; 0.077
Touchdown Foot Angle 6.9% 56% -0.689*%* ; -0.119
Touchdown Shank Angle 10.0%* 65% -0.732%**; -0.315
Normalised Touchdown Distance 5.6% 50% 0.016 ; -0.698
Step Frequency 5.4% 40% 0.555*;0.456
Touchdown Hip .
Ankle Dorsiflexion RoM 3.0 23% 0.416;0.277
Angle
Touchdown Foot Angle 3.0 24% 0.457;-0.274
Touchdown Shank Angle 33 26% 0.516; -0.294

B-coefficient pairs are presented as ‘left ; right’ referring to their corresponding measures in columns one and
two. * p <0.05; ** p <0.01; *** p <0.001.
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