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ABSTRACT

In track sprinting, acceleration performance is largely determined by the ability to generate a high ratio of
forces (RF), but the technical features associated with this remain unknown. This study therefore
investigated the relationships between selected kinematic characteristics and RF during the initial
acceleration phase. Fourteen male sprinters completed two maximal 60 m sprints from a block start. Full-
body kinematic and external kinetic data were obtained from the first four steps, and the relationships
between selected kinematic characteristics and mean RF over the first four steps were determined.
Placing the stance foot further behind (or less far in front of) the whole-body centre of mass at touch-
down was significantly related to greater RF (r = —0.672), and more anterior orientation of the proximal
end of the foot (r = —0.724) and shank (r = —0.764) segments at touchdown were also significantly related
to greater RF. Following touchdown, greater ankle dorsiflexion range of motion during early stance was
significantly related to greater RF (r = 0.728). When aiming to enhance RF during initial acceleration,
practitioners should be encouraged to focus on lower leg configurations when manipulating touchdown
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distance, and the role of dorsiflexion during early stance is also an important consideration.

Introduction

Maximal sprint running is typically broadly divided into accelera-
tion, maximum velocity and deceleration phases (Mero et al., 1992;
Volkov & Lapin, 1979). The first step of a sprint is when the largest
forward accelerations are observed, with the magnitude of accel-
eration progressively decreasing with each successive step
(Nagahara et al., 2018a). During this initial acceleration phase,
athletes typically reach approximately 70% of their maximum
velocity by the end of step four (Nagahara et al., 2020, 2021,
2014). Whilst large ground reaction forces and impulses are
required to achieve this acceleration, a key element of high per-
formance during the acceleration phase is the effective orientation
of the external force vector (Morin et al,, 2011; Rabita et al., 2015;
Samozino et al., 2016). This “technical ability” is typically quantified
by the ratio of forces (RF), which describes the proportion of the
step-averaged resultant ground reaction force vector (Fg) that is
directed horizontally (Fy), i.e., RF = F/Fg (Morin et al., 2011).
Although it has been established that RF is a determining factor
for sprint acceleration performance (Kugler & Janshen, 2010; Morin
et al,, 2011; Rabita et al., 2015), the relationships between stance
leg and whole-body kinematics and RF during acceleration remain
unknown. Previous investigations have highlighted kinematic
characteristics that may be favourable for performance or for the
production of horizontal propulsive forces during acceleration
(Bezodis et al., 2017, 2015; Jacobs & van Ingen Schenau, 1992;
Kugler & Janshen, 2010), but the relationships between these
kinematic characteristics and RF were not directly investigated.
During the second step of a maximal sprint, 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
about the base of support. These findings suggest that changes in
the configuration of body segments to assist the forward transla-
tion of the whole-body CM during the early part of stance may be
favourable for performance.

Whilst Jacobs and van Ingen Schenau (1992) reported stance
leg joint kinematics and suggested potential kinematic and mus-
cular mechanisms behind the delayed CM “extension”, they did
not report relationships to quantify this. Kugler and Janshen (2010)
found that greater forward lean of the body throughout stance
(defined as the angle between the whole-body CM, centre of
pressure and the global vertical) was associated with a higher RF,
and this was facilitated by a more posterior foot placement, whilst
Bezodis et al. (2015) used computer simulation to determine that
placing the foot further back at touchdown relative to the CM led
to a near linear increase in RF during stance. The available research
therefore suggests that the stance foot position relative to the CM,
often termed touchdown distance when measured at the instant
of touchdown, could influence RF.

It is important to consider that the stance leg is multi-
segmented, so achieving a position in which the stance foot
is further behind a given whole-body CM position at touch-
down is primarily a function of the stance ankle, knee, and hip
joint angles because the CM position is largely predetermined
from the prior toe-off. In previous research, these kinematics
were either not reported (Kugler & Janshen, 2010), not related
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directly to RF (Jacobs & van Ingen Schenau, 1992), or were
directly theoretically manipulated (Bezodis et al., 2015). Acute
experimental alterations to kinematics during sprint accelera-
tion have been attempted (Bezodis et al., 2017), and it was
found that greater antero-posterior force production during
stance was preceded by a more dorsiflexed ankle and a more
flexed knee at touchdown, and greater hip extension velocity at
touchdown. However, Bezodis et al. (2017) used a simple acute
experimental within-athlete design with field sports athletes,
and further cross-sectional research considering both linear
and angular kinematic characteristics in trained sprinters dur-
ing initial acceleration is required.

There is clearly a need to understand whether certain kine-
matic features of technique are exhibited by athletes who are
capable of achieving higher RF values, and therefore perfor-
mance levels, during initial acceleration. The aim of this study
was therefore to determine the relationships between selected
kinematic characteristics and RF during initial acceleration, and
consequently to quantify how the kinematic characteristics
which are related to RF also relate to overall initial acceleration
performance. It was firstly hypothesised that a more negative
touchdown distance (i.e., landing with the stance foot further
behind/less far in front of the CM) would be associated with
a greater ratio of forces during the first four steps of a maximal
effort sprint and that specific joint and segment angular kine-
matics would underpin this. Secondly, it was also hypothesised
that a more negative touchdown distance would be associated
with greater initial acceleration performance.

Methods
Participants

Fourteen collegiate-level male sprinters (mean + SD; age:
20 £ 1 years, height: 1.73 + 0.07 m, mass: 68.6 = 4.9 kg, 100 m
personal best time: 11.15 £ 0.33 s [min = 10.68 s; max = 11.67 s])
provided written informed consent to participate, and the
study was approved by the local research ethics committee.
All participants were injury-free and trained 5 days per week at
the time of data collection; they had 8.1 £+ 1.8 years of sprint
training experience (range = 5-10 years). All data were col-
lected over 11 days in early August 2020 during the competi-
tion phase of the season (no major COVID-19 training
restrictions had been in place since May and domestic compe-
titions were re-started in July).

Data collection

Participants completed their preferred self-led warm-up rou-
tine. After setting the starting blocks to their preference, two
maximal sprint efforts were performed up to 60 m, wearing
spiked shoes on an indoor athletics track. Participants were
provided with a rest period of at least 10 minutes between
sprint efforts. All data were collected from five sessions over
10 days, with a temperature and atmospheric pressure (mean *
SD) of 31.3 + 0.9°C and 1010 + 2 kPa, respectively.
Three-dimensional trajectories of 47 retro-reflective markers
attached to each participant were captured at 250 Hz using
a 16-camera motion capture system (Kestrel 4200, Motion

JOURNAL OF SPORTS SCIENCES (&) 2525

Analysis Corporation, California, USA). The cameras were posi-
tioned to capture data up to the end of the fourth step and the
markers were placed according to the model of Suzuki et al.
(2014). Ground reaction force (GRF) data were collected at
1000 Hz from 52 force plates (TF-3055, TF-32120, TF-90100,
Tec Gihan, Uji, Japan) mounted in series under the track. An
electric starting gun was used to synchronously initiate GRF
data collection, send a pulse to the motion capture system and
emit an auditory starting signal. The global Z-axis was defined
as vertical, Y as horizontal in the direction of the running lane
and X as the cross product of the Y- and Z-axes.

Data processing

The marker trajectories were exported to Visual3D (v6,
C-Motion, Maryland, USA), where they were smoothed using
a 4™ order low-pass Butterworth filter at a cut-off frequency of
14 Hz, which was selected using residual analysis (Winter, 2009).
Kinematic data were resampled at 1000 Hz using an interpolat-
ing cubic spline to align with the kinetic data. A 15-segment
rigid-body model was created, consisting of hands, forearms,
upper arms, feet, shanks, thighs, head, upper trunk and lower
trunk (full details are available in Nagahara et al. (2014) and
Suzuki et al. (2014)). Each segment was reconstructed from the
corresponding markers using a six degrees-of-freedom
approach (Spoor & Veldpaus, 1980). The position of the whole-
body CM was calculated using the segmental inertia para-
meters of Japanese athletes (Ae et al., 1992), with 200 g
added to each foot to account for the mass of the shoe
(Hunter et al., 2004).

Analysis of the GRF data was conducted using MATLAB
(R2021a, Natick, USA). Movement onset was defined as the
instant at which the raw vertical GRF signal exceeded, and
remained, two standard deviations above the mean signal
from the period in which participants were deemed clearly
stationary in the blocks (Bezodis et al., 2021). Where partici-
pants contacted the track across two adjacent force plates, the
required data were reconstructed using the approach outlined
by Exell et al. (2012). A 50 N threshold in raw vertical GRF data
was used to define contact with the track. Following the iden-
tification of touchdown and toe-off using raw signals, each
component of the raw GRF data was smoothed using a 4™
order low-pass Butterworth filter at a cut-off frequency of
50 Hz (Nagahara et al., 2017, 2018b).

To calculate instantaneous horizontal velocity (vy), the net
anteroposterior force (i.e., filtered anteroposterior GRF compo-
nent minus drag force) was divided by body mass and inte-
grated (trapezium rule) with respect to time (Colyer et al., 2018;
Samozino et al, 2016). The drag force during each trial was
estimated using the athlete’s height and mass, and the aero-
dynamic friction coefficient (Arsac & Locatelli, 2002; Samozino
et al., 2016). Horizontal velocity was then integrated (trapezium
rule) with respect to time to calculate horizontal CM displace-
ment, which was expressed relative to CM location in the “set”
position.

Contact time and flight time for each of the first four steps
were calculated from touchdown and toe-off timings. So that
our analysis started from the instant of the first contact on the
track, we defined a step as the ground contact phase followed
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by the subsequent flight phase. Step time was calculated as the
sum of contact time and flight time, and step frequency (steps/
s) as the inverse of total step time. Step length (m) was deter-
mined from the anteroposterior centre of pressure data, where
values were extracted from mid-stance. The horizontal and
vertical components of displacement and velocity of the whole-
body CM were extracted at each touchdown and toe-off.
Joint angles were calculated for the ankle, knee and hip
joints from the respective adjacent segments using Cardan/
Euler angles (Robertson et al., 2004), with extension/plantar
flexion defined as positive (Figure 1a). Ankle angle was defined
as the angle between the shank and rearfoot segments, with
the latter defined from the ankle to the metatarsophalangeal
(MTP) joint centres. Angular velocities for each joint were
expressed as the distal segment relative to the proximal

a)

segment, using the proximal segment as the resolution coordi-
nate system (Bezodis et al.,, 2017). Absolute segment angles
were also calculated for the foot, shank, thigh and (upper)
trunk. These were expressed relative to the horizontal with
positive rotation representing an anti-clockwise rotation of
the proximal end about the distal end when viewed from the
right-hand side (Figure 1b). For these absolute segment angles,
the foot was modelled as a single rigid segment from the toe
marker to the heel marker to provide a general representation
of the orientation of the foot as a whole.

Foot touchdown velocity was defined as the global Y-axis
component of the distal endpoint velocity of the foot at each
touchdown. The global Y-axis displacement between each toe
marker and the whole-body CM was calculated, and the value
of this for the stance foot at each touchdown and toe-off was

b)

,,,,,,,,,,,,,,,,,,,,,,,,, S
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Figure 1. Angular kinematic conventions for a) the three stance leg joints; and b) the four segments of interest. Extension/plantar flexion were defined as positive.
Segment conventions for the positive direction are displayed on the stance leg, following the conventions of Nagahara et al. (2014).
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Figure 2. lllustration of the typical angular kinematic profiles from the fourth stance phase for a) ankle angle; b) knee angle; ) hip angle; d) ankle angular velocity; e)

knee angular velocity; and f) hip angular velocity. The discrete variables identified

from these time histories are 1) touchdown angle; 2) dorsiflexion/flexion range of

motion; 3) peak dorsiflexion/flexion angle; 4) plantar flexion/extension range of motion; 5) toe-off angle; 6) touchdown angular velocity; 7) peak dorsiflexion/flexion

angular velocity; 8) peak plantar flexion/extension angular velocity; and 9) toe-off

angular velocity. Note: data from the fourth stance phase are used to facilitate the

illustration of knee flexion during early stance (termed “Early flexion RoM” in Table 2). Knee flexion during late stance (termed “Late flexion RoM” in Table 2) was

greatest during the first stance phase (when there was no knee flexion during early

stance) and can be visualised between the two markers on the inset in sub-figure b.



extracted as touchdown distance and toe-off distance, respec-
tively, with a negative value representing the foot behind the
CM. 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. Discrete angular kinematics (e.g., angles and
angular velocities at touchdown and toe-off, peak and mini-
mum values, ranges of motion (RoM)) were extracted from the
continuous angular kinematic waveforms (see Figure 2 for
definitions).

Step-averaged kinetic data from each of the first four stance
phases were determined from the resultant GRF (Fg) and its
vertical (Fy) and antero-posterior (Fy) components. Step-
averaged RF was then calculated as step-averaged Fy divided
by step-averaged Fg (Bezodis et al., 2021). RF over each of the
first four steps was averaged (RFyean) and used as a dependent
measure against which to correlate the kinematic characteris-
tics. This was selected based on the prior work of King et al.
(2021) who identified that step-to-step variation in RF (and
linearity in the RF-vy profile) was not related to initial accelera-
tion performance; RFyean OVer the first four steps was identified
as the metric derived from the RF-v relationship most strongly
related to performance during the initial acceleration phase.

Average horizontal external power from the beginning of
the first contact to the end of the fourth contact was calculated
as the change in external kinetic energy of the CM (based on
horizontal CM velocity) divided by the change in time over this
period (Bezodis et al., 2010). These external power data were
normalised to dimensionless values to account for differences
in stature (Bezodis et al., 2010; Hof, 1996). Normalised average
horizontal external power (NAHEP) over these four steps was
used as an objective measure of initial acceleration phase
performance.

Statistical analysis

Consistent with similar sprint acceleration biomechanics
research which has related features of technique to perfor-
mance (e.g.,, Nagahara et al,, 2017, 2018a), the trial with the
highest performance was analysed. The trial in which each
participant displayed the highest NAHEP was therefore used
in all statistical analyses (for three of the sprinters only one trial
was available due to incomplete data), which were conducted
in SPSS (v28.0, IBM, lllinois, USA). Bivariate correlations
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(Pearson’s r) between the four-step mean value of each of the
kinematic variables of interest (Tables 1-3) and RFyzan Were
performed, with statistical significance accepted at p < 0.05.
Following this, the bivariate correlations with NAHEP for each
of the variables which were significantly related to RFyean Were
determined. Thresholds for the magnitudes of all correlation
coefficients 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). Descriptive
statistics are presented as mean values (£ SD) across the 14
sprinters.

Results

Relationships between linear kinematics, spatiotemporal
variables and RF

The correlation coefficient between RFygan and normalised
touchdown distance over the four steps was large and signifi-
cant (r = —0.672, p < 0.01; Table 1; Figure 3a), with its negative
direction indicating that touchdown foot placement further
behind the CM (or less far in front of the CM as the acceleration
phase progressed) was associated with higher RF. A very large,
significant correlation coefficient was found between mean
step frequency and RFyean (r = 0.715, p < 0.01; Figure 3b).
The correlation coefficients between RFyean and all other linear
kinematics ranged from trivial to moderate and were not sig-
nificant (Table 1).

Relationships between angular kinematics and RF

There was a very large significant correlation coefficient
between mean ankle dorsiflexion RoM and RFyean (r = 0.728
p < 0.01; Figure 3¢) during the initial acceleration phase
(Table 2). All other correlation coefficients between RFpyean
and the ankle, knee and hip joint angular kinematics ranged
from trivial to moderate and were not significant (Table 2).
Very large and significant correlation coefficients were
observed between both mean foot and shank angle at touch-
down and RFyean (r = —0.724 and —0.764, respectively, both
p < 0.01; Table 3; Figures 3d and 3e). As these coefficients were
negative, they relate to higher RFyean being associated with
more forward-orientated proximal ends of the foot and shank
segments (see, Figure 1b). There were no other significant

Table 1. Mean = SD linear kinematics and spatiotemporal variables over the first four steps and their relationships with RFyean,

including 95% confidence intervals for the r values.

Four step mean

Correlation (r) 95% Confidence Intervals

Centre of mass

Normalised CM height at touchdown 0.86 + 0.03
Normalised CM height at toe-off 0.95 + 0.04
Normalised touchdown distance —0.03 + 0.04
Normalised toe-off distance —-0.89 + 0.04
Spatiotemporal

Contact time (s) 0.189 + 0.014
Flight time” (s) 0.078 + 0.017
Normalised step length 144 +0.11
Step frequency (steps/s) 426 +0.29
Foot

Touchdown velocity (m/s) 032+ 044

0.000 —0.531: 0.530
—-0.046 —0.563: 0.497
—0.672** —0.887: —0.220
—-0.428 —0.781: 0.132
—0.406 —-0.771: 0.159
—0.242 —0.685: 0.331
—-0.296 —0.714: 0.279

0.715** 0.297: 0.903
—-0.398 —0.767: 0.168

"Following contact phase. ** Correlation is significant at the 0.01 level (2-tailed).
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Table 2. Mean * SD joint angular kinematics over the first four steps and their relationships with RFyean, including

95% confidence intervals for the r values.

Four step mean

Correlation (r) 95% Confidence Intervals

Ankle

Angle

Touchdown (°) 102 +5
Dorsiflexion RoM (°) 14+3
Peak dorsiflexion (°) 88 +4
Plantar flexion RoM (°) 53+3
Toe-off (°) 140 £ 5
Angular velocity

Touchdown (°/s) —271 £ 66
Peak dorsiflexion (°/s) —457 + 56
Peak plantar flexion (°/s) 1147 + 84
Toe-off (°/s) 815+ 118
Knee

Angle

Touchdown (°) 117 +£5
Early flexion RoM (°) 0+1
Peak flexion (°) 116 £ 5
Extension RoM (°) 41 +5
Peak extension (°) 158 £ 5
Late flexion RoM (°) 0+1
Toe-off (°) 158 + 5
Angular velocity

Touchdown (°/s) 216 £ 70
Peak extension (°/s) 636 + 89
Peak flexion (°/s) —100 + 83
Toe-off (°/s) —27 + 144
Hip

Angle

Touchdown (°) 114+6
Extension RoM (°) 50+5
Toe-off (°) 173+6
Angular velocity

Touchdown (°/s) 549 + 37
Peak extension (°/s) 604 + 32
Toe-off (°/s) 116 + 88

0.154 —0.410: 0.633
0.728** 0.321: 0.908
—-0.258 —0.693: 0.316

0.110 —0.447: 0.605
-0.141 —0.625: 0.421
-0.072 —0.580: 0.477
—-0.449 —-0.791: 0.107

0.311 —0.263: 0.722
-0.087 —0.590: 0.465
-0.326 —0.730: 0.247
-0.292 —0.712: 0.283
-0.277 —0.704: 0.297

0.149 —0.414: 0.630
—-0.168 —0.642: 0.398

0.372 —0.198: 0.754
—-0.202 —0.662: 0.368
-0.226 —0.676: 0.346
-0.167 —0.641: 0.399
—-0.228 —-0.677: 0.344
-0.413 —0.774: 0.151

0.295 —0.280: 0.714
—-0.234 —0.680: 0.339

0.098 —0.456: 0.598

0.201 —0.369: 0.661
—-0.268 —0.699: 0.306

0.036 —0.504: 0.556

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

correlation coefficients between RFyean and the remaining
segment angular kinematic variables, although the coefficient
with mean shank angle at toe-off was large (r=-0.511, p = 0.06;
Table 3).

Relationships between kinematics favourable for RF and
initial acceleration phase performance

Of the kinematic characteristics that were significantly related
to RFyean, only the mean normalised touchdown distance was
also significantly related to NAHEP over the four steps
(r = -0.710, p < 0.01; Figure 3f). Moderate correlation coeffi-
cients with initial acceleration performance were found for
each of the other measures related to RFyean (Table 4), and
all were in the same direction as the relationships between the
respective variables and RFyean.

Discussion

This study determined the relationships between selected kine-
matic characteristics and RF during the initial acceleration
phase of sprinting, and quantified how those which were
related to RF were also related to overall initial acceleration
performance. Our first hypothesis was accepted as landing with
the stance foot further behind/less far in front of the CM (i.e.,

a more negative touchdown distance) was associated with
better “technical ability” during initial acceleration, namely
a significantly greater RFyean Over the first four steps, and
a higher step frequency was also associated with a greater
RFmean- Specific angular kinematics underpinned this; a more
forwards orientated foot and shank at touchdown, as well as
greater ankle dorsiflexion range of motion during early stance,
were associated with significantly greater RFyean. Of these
kinematic characteristics associated with RFyean, only the nor-
malised touchdown distance was also significantly related to
performance (NAHEP) over the initial acceleration phase, and
thus our second hypothesis was also accepted.

The very large negative correlation coefficient between
touchdown distance and RFyean OVer the initial acceleration
phase is a novel finding which extends the current understand-
ing. Jacobs and van Ingen Schenau (1992) had previously iden-
tified the need for the CM to be “rotated” further ahead of the
stance foot before it is “extended” away from it, and Kugler and
Janshen (2010) had identified a link between touchdown dis-
tance and propulsive force magnitude. The current findings
extend this to RF and raise the possibility that a more negative
touchdown distance could be one means through which to
reduce the requirement for “rotation” of the CM prior to it
"extending” away from the stance foot. The current study also
extends from the findings of Bezodis et al. (2017) by directly
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Table 3. Mean + SD segment angular kinematics over the first four steps and their relationships with RFyean,

including 95% confidence intervals for the r values.

Four step mean

Correlation (r) 95% Confidence Intervals

Foot

Angle

Touchdown (°) 164 £ 5
Toe-off (°) 105+ 4
Angular velocity

Touchdown (°/s) —25 + 66
Toe-off (°/s) -1310 + 121
Shank

Angle

Touchdown (°) 55+3
Toe-off (°) 33+3
Angular velocity

Touchdown (°/s) —235 + 69
Toe-off (°/s) —142 £ 65
Thigh

Angle

Touchdown (°) 118+3
Toe-off (°) 55+ 4
Angular velocity

Touchdown (°/s) —456 + 32
Toe-off (°/s) -126 + 96
Trunk

Angle

Touchdown (°) 34+ 8
Toe-off (°) 44 + 8
Angular velocity

Touchdown (°/s) —14 + 48
Toe-off (°/s) —24 £ 55

~0.724** ~0.906: 0313
~0334 ~0.734: 0.239
0.408 ~0.156: 0.772
0214 ~0.357: 0.669
~0.764** ~0921: 0392
-0.235 ~0.680: 0.338
-0.309 ~0.721: 0265
-0.511 ~0.820: 0.026
-0.252 ~0.690: 0.322
0.076 ~0.473: 0.583
~0.174 —~0.645: 0.393
0.304 ~0.270: 0.719
~0.151 ~0.631: 0.413
~0.180 ~0.649: 0.388
-0272 ~0.702: 0302
-0.223 ~0.674: 0.348

** Correlation is significant at the 0.01 level (2-tailed).
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Figure 3. Scatter plots for the relationships which were statistically significant (note the change in dependent variable to NAHEP (normalised average horizontal

external power) in sub-plot f).

identifying this relationship between touchdown distance and
RF in a cohort of well-trained sprinters. Although it is not
possible to keep the stance foot behind the whole-body CM
at touchdown throughout the initial acceleration phase (mean
touchdown distance progressively increased from steps 1 to 4,
respectively: —0.15, —0.05, 0.02, 0.07 [normalised to greater
trochanter height]), 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.

For a given CM position at touchdown, which is largely
determined from the prior instant of toe-off given the projectile
motion of the sprinter’'s CM during flight, touchdown distance
must primarily be manipulated through kinematics of the leg
swinging through to become the stance leg at touchdown.
More forwards rotated proximal ends (see, Figure 1b) of the
foot and shank segments at touchdown over the first four steps
were also associated with achieving a high RFygan during initial
acceleration (Table 3). The very large relationships confirm the
importance of these lower leg segment orientations for high RF
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Table 4. Mean + SD relationships between kinematic characteristics favourable for RFygan and
their relationships with initial acceleration phase performance (normalised average horizontal
external power; NAHEP), including 95% confidence intervals for the r values.

Measure

Correlation (r)

95% Confidence Intervals

Normalised touchdown distance
Step frequency (steps/s)

Ankle dorsiflexion RoM (°)
Touchdown foot angle (°)
Touchdown shank angle (°)

—-0.710** —0.901: —0.287
0.434 —0.126: 0.784
0.458 —0.096: 0.795

-0.406 —-0.771: 0.158

—-0.330 —0.732: 0.244

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

production during initial acceleration and identify potential
specific kinematic features which may be important for achiev-
ing a high RF through a more negative touchdown distance.
Although Bezodis et al. (2017) experimentally manipulated
technique and only reported angles about joints, the current
cross-sectional results appear to align with their within-
individual results given the importance of the lower part of
the leg. As ankle angle at touchdown was not significantly
related to RFyean in the current study, sprinters who achieved
a higher RF during initial acceleration did not typically have
a more plantarflexed or dorsiflexed ankle at touchdown. Given
the linked-segment nature of the swinging leg prior to touch-
down, this suggests that the more forward orientation of the
foot and shank was likely primarily achieved through a change
in shank orientation. This supports the applied interest in shin
(i.e., shank) angles (Von Lieres Und Wilkau et al., 2020), but
practitioners should therefore also be cognisant of the orienta-
tion of the foot to ensure that a more forward shank orientation
is also accompanied by a more forward foot orientation, and
that any attempts to manipulate shank angle do not negatively
affect the foot and ankle kinematics.

Immediately after touchdown, the ankle dorsiflexed for
a short period during the early part of each stance phase
(mean ankle dorsiflexion RoM was 13°, 13° 15°, 16° in steps 1
to 4, respectively). The very large positive relationship between
the average dorsiflexion RoM and RFyean oOver four steps is
novel and provides further empirical support for the theory of
Jacobs and van Ingen Schenau (1992). These findings suggest
that ankle dorsiflexion may be a primary means through which
the CM can be “rotated” forwards about the foot during early
stance before the sequential proximal-to-distal extension of the
stance leg joints (Bezodis et al., 2014, 2019; Brazil et al., 2017;
Charalambous et al., 2012; Jacobs & van Ingen Schenau, 1992)
then “extends” the CM away from the foot as the stance phase
progresses. This provides evidence for a specific mechanism
through which the more general “rotate” then “extend” strat-
egy of Jacobs and van Ingen Schenau (1992) could be realised
when considering the action of the linked segments within the
system. This finding also provides empirical support for the
“shin roll” conceptual framework of Alt et al. (2022) which
proposes the need for the shank to rotate forwards about
a relatively stationary foot segment. Whilst the current findings
provide new evidence to potentially support this theory, and to
confirm a relationship between ankle dorsiflexion and the abil-
ity to generate a higher RF, quantification of the coordination
of shank and foot motion is required to provide a more com-
plete understanding of the complex role of the foot, ankle and
shank during early stance in sprint acceleration (Donaldson

et al., 2022). However, it must also be considered that ankle
dorsiflexion may be constrained by a sprinter’s passive range of
motion. Further direct investigation with more complex foot
models where possible, as well as consideration of the coordi-
nation between segments, is required to better understand
foot-ankle-shank  motion during early acceleration.
Furthermore, given that limiting dorsiflexion during early
stance when in a more upright configuration in maximal velo-
city sprinting may be important for performance (Nagahara &
Zushi, 2017), consideration should also be given to the chan-
ging demands of different sprint phases.

The very large positive correlation coefficient between aver-
age step frequency and RFyean during initial acceleration is
likely a function of a relatively smaller vertical impulse compo-
nent being applied. As a large relative horizontal component of
Fr is fundamentally required for achieving high RF, this is
inherently accompanied by a relatively smaller vertical compo-
nent of the vector. As Fr and RF were not related in the current
study (r = —0.176), this suggests that higher step frequencies
may be a function of the RF achieved (i.e., the relatively smaller
vertical component of the GRF did not prolong contact time
and led to higher step frequencies), rather than being
a technical feature that leads to a higher RF. However, due to
the nature of the study design, causality cannot be determined,
and the interaction between RF and step frequency during
initial acceleration may warrant further direct investigation.

Having identified kinematic features which were related to
RF during initial acceleration, it was important to also con-
sider the role of these in overall performance, or to identify
any potentially conflicting findings between RF-associated
kinematics and performance-associated kinematics. Of the
RF-associated kinematics, only average normalised touch-
down distance was also significantly related to performance
over the initial acceleration phase. Each of the other kine-
matic characteristics of interest were moderately, but non-
significantly, related to performance. Whilst some caution
must therefore be given to ensure that any technical changes
intended to affect RF actually translate to performance
improvements, the fact that each of the relationships
observed with performance were in the same direction as
those observed with RFyean gives confidence that they are
unlikely to be detrimental to performance for a given indivi-
dual. However, further investigation is required to under-
stand the additional technical or physical features which
may be required in order to translate a change in a given
kinematic variable and in RF, to a change in performance. As
an example, Bezodis et al. (2015) demonstrated through
computer simulation that progressively more negative



touchdown distances (achieved through manipulations to
knee joint angle) were associated with greater RF, but the
ability for this to continue contributing to increased perfor-
mance was limited because touchdown distances which
became too negative limited the ability of the sprinter to
produce the necessary vertical impulse.

Whilst the current study provides new empirical data to
support existing theories, it is not without limitations. Due
to the applied nature of the data collection undertaken
only a simple model of the foot was used. Whilst different
foot models were used to quantify each of the ankle and
foot motion separately, future studies which are able to
implement more complex foot models would be ideal
given the clear importance of the foot-ankle-shank com-
plex, but these are challenging to implement with suffi-
cient internal and ecological validity in a sprint
environment. Furthermore, we only considered the joint
and segment kinematics; the underlying joint kinetics
were not investigated. It may be useful for future studies
to consider the joint moment and power profiles at the
ankle, particularly during the energy absorption phase in
early stance when the ankle is dorsiflexing (Bezodis et al.,
2014), and also to consider the MTP joint kinetics if more
complex foot models can be implemented (Bezodis et al.,
2012). Future work could also consider analysis of the
swing leg kinematics to understand its potential role in
the CM kinematics and RF, the potential role of move-
ments outside of the sagittal plane, and how sprinters
coordinate their movements to obtain the specific body
configurations identified at touchdown in the current
study. Our analysis also removed the block phase from
consideration so that block phase performance did not
bias our direct comparison of technique and performance
during the first four steps on the track as block phase RF
values do not always correspond well with the subsequent
steps (e.g., Bezodis et al., 2021; Rabita et al., 2015). Future
research may also wish to consider, or account for, the
influence of block phase performance, for example, using
the approach adopted by King et al. (2021).

During the initial acceleration phase, placement of the
stance foot in a more posterior position relative to the CM
at touchdown is significantly associated with a higher
mean RF. A more forward orientation of both the foot
and shank segments at touchdown was also associated
with higher RF and thus practitioners should pay particular
attention to the orientation of the lower stance leg when
focusing on touchdown distance manipulations.
Immediately after touchdown, a greater ankle dorsiflexion
range of motion is also significantly associated with
a higher mean RF, and these empirical data have revealed
specific linear and angular kinematic features of technique
which provide further details to underpin existing sprint
acceleration theories.
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