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Abstract

This study aimed to elucidate spatiotemporal and kinetic variables in fast-running soccer
players in comparison with sprinters or slow-running soccer players. Sixty-seven male
soccer players and 17 male sprinters (Sp) performed 60-m maximal effort sprint running.
The soccer players were classified into three groups: high-speed (SOCHigh), medium-
speed, and low-speed (SOC, ). The antero-posterior and vertical ground reaction
forces were measured with a 50-m long force plates system at every step during the
sprint. Step length and step frequency were also computed from the position of center
of pressure, contact time, and flight time. During the initial acceleration phase, SOC,,
exhibited similar running speeds to Sp. This was attributed to a higher step frequency in
SOCH,gh compared to Sp, while net antero-posterior impulse was lower in the former than
in the later. In the range of running speed from 7.5 m/s to 8.5 m/s, net antero-posterior
impulse for SOC,,, was similar to that for Sp. At 9.0 m/s, SOC,, , exhibited a lower net
antero-posterior impulse compared to Sp, primarily due to a reduced propulsive impulse.
Additionally, vertical impulse during the braking phase was larger in SOCH,.gh compared
to Sp, due to a longer braking time, while vertical impulse during the propulsive phase
was smaller, due to a tendency for a reduced propulsive time and vertical force during
the corresponding phase. Compared to SOC, SOCH,g,, exhibited higher step frequency
through sprint running and longer step lengths from the 2nd acceleration phase to max-
imal speed phase. Additionally, net antero-posterior impulse at the same running speed
was greater in SOC,,  compared to SOC . Vertical impulse was lower during the brak-
ing phase but higher during the propulsive phase in SOCH,.gh thanin SOC, . Thus, the
sprint mechanics of SOCH,.gh is characterized by a similar ability of speed acquisition up to
the 2™ acceleration as sprinters. However, at 9.0 m/s or over, SOCH,g,, exhibits a greater

vertical impulse, leading to a lower step frequency.
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Introduction

In soccer players, sprint running ability is one of the crucial factors related to com-
petition performance [1, 2]. Approximately 10% of the total distance covered during
a game (ranging from 10—12 km) involves near-straight running [3]. Moreover,
high-speed straight running often precedes scoring opportunities for both offen-

sive players and defenders [1,2,4]. The relative distribution of high-speed running
(defined as speeds >6.67 m/s) is approximately 7% for distances of ~10m, 48%

for distances of ~20m, and 45% for distances exceeding 20m [5]. This implies that
soccer players are required to run over both short and long distances at high speeds
during a game. In essence, both high acceleration ability and maximum sprint speed
are crucial for high level soccer players. Therefore, elucidating the mechanics of
maximal sprint running in fast-running soccer players during the acceleration and
maximal speed phases will provide useful information for designing effective training
programs in practical fields.

There are three primary phases during sprint running to achieve maximal speed:
the 1st acceleration, the 2" acceleration, and the maximal speed phases [6-9].
Although maximal running speed depends on speed gain in the preceding accel-
eration phase [10], the correlation coefficients between acceleration and maximal
running speeds have been shown to range from 0.56-0.79 [11-13], indicating
potential differences in sprint mechanics between the acceleration and maximal
running speed phases [14]. Thus, examining sprint mechanics during both phases
will provide useful information to elucidate the mechanics for achieving high sprint
running performance.

Spatiotemporal and kinetics parameters of sprint running during acceleration and
maximal speed phases have been observed to differ between competitive sprint-
ers (hereafter referred to as sprinters) and athlete non-sprinters (non-sprinters),
as well as among non-sprinters with varying running capabilities within the same
event [15—17]. For example, it has been reported that the antero-posterior ground
reaction forces (GRFs) varied between faster and slower sprinters throughout the
acceleration phase [18]. Further, the propulsive and braking forces were lower in
soccer players than in sprinters at equivalent speed (8 and 8.5 m/s) during the 2
acceleration phase [15]. During the maximal speed phase, non-sprinters exhibit
longer contact times and shorter step lengths compared with sprinters [19]. As com-
pared to non-sprinters, sprinters demonstrate larger vertical GRFs and exert greater
vertical GRFs during the first half of ground contact in the maximal speed phase
[16]. Furthermore, elite soccer players demonstrate a higher theoretical maximal
horizontal force derived from horizontal force-velocity relationship compared with
sub-elite soccer players [17], indicating that the formers have greater acceleration
capability in the initial acceleration phase. Previous studies have shown that soccer
players exhibit inferior horizontal force exertion at high running speeds and differ in
the spatiotemporal variables during maximal speed phase compared with sprinters
[15]. Additionally, high-level soccer players exhibit superior antero-posterior force
production in the acceleration phase compared with low-level players [17]. How-
ever, current literature does not clarify whether fast-running soccer players can
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generate antero-posterior GRFs similar to that of sprinters in the initial acceleration phase. It remains unknown how the
vertical components of GRFs differ among soccer players with different running speeds, as well as between sprinters and
fast-running soccer players in the 2"¢ acceleration and maximal speed phases.

Therefore, this study aimed to elucidate the differences in spatiotemporal and kinetics parameters between sprinters
and fast-running soccer players, and between fast- and slow-running soccer players. We hypothesized that: 1) in the 1
acceleration phase, antero-posterior force production and spatiotemporal variables for fast-running soccer players would
be similar to that of sprinters and superior to that of slow-running soccer players; 2) in the 2" acceleration and the maxi-
mal speed phases, fast-running soccer players would produce lower vertical force and would have lower step frequency
and step length compared with sprinters.

Methods
Participants

Data were collected from December 21, 2021 to September 17, 2023. Sixty-seven male soccer players (SOC) and
17 male sprinters (Sp; 20.6 £ 0.9 years, 1.73 £ 0.05 m, 67.7 + 5.1kg; mean = SD) participated in this study. All
participants underwent their specific training 5-6 times per week, with each session lasting 1.5-2 hours. None of the
participants reported any illness and were not prescribed medications for cardiovascular, metabolic, or orthopedic
disorders. According to the athlete taxonomy classification reported [18], the study participants categorized as Tier 3
or Tier 4. The participants had been competing in sprint events for more than 5 years. Based on the maximal running
speed (as described in the data analysis section), soccer players were divided into three groups: high-speed running
soccer players whose speed was above the mean + 0.5SD (SOCH,.gh; n=16, 20.1 £ 0.9 years, 1.72 + 0.05m, 68.1
7.3kg), medium-speed soccer players whose speed was within the mean + 0.5SD (SOC,,_; n = 30, 20.3 £+ 1.1 years,
1.73 £ 0.05 m, 67.5 £ 5.4kg), and low-speed soccer players whose speed was below the mean - 0.5SD (SOC,_; n
=21,20.2 £+ 1.9 years, 1.71 £ 0.05 m, 65.7 £ 5.3kg). Physical characteristics of the participants did not significantly
differ between groups. This study was approved by the ethics committee of the National Institute of Fitness and
Sports in Kanoya (#5-60). All procedures were conducted in accordance with the Declaration of Helsinki. Prior to the
experiments, all the participants were fully informed of the purpose and risks of the experiments and written consent
was obtained.

Experimental protocol

Prior to the test session, all participants engaged in approximately 30 min of warm-up exercises, comprising of approxi-
mately 8 min of jogging to running, approximately 10 min of static and dynamic stretching, approximately 10 min of running
technique exercises, 2—4 submaximal-to-maximal sprint running. Following at least 10 min of rest after the warm-up ses-
sion, the participants performed maximal effort sprint running from standing split-stance position on an indoor track with
54 force plates (TF-90100, TF-3055, and TF-32120; Tec Gihan, Uji, Japan), as described in previous studies [7,19]. The
soccer players wore their own running shoes, and the sprinters used their own spikes.

Data analysis

Antero-posterior and vertical force signals were used for analysis. The analog force signals from each force plate were
captured in a control box (FP Control Unit, Tec Gihan, Japan), converted from analog to digital, and transmitted to a
computer. The 50-m long force plates were treated as a single unit using dedicated software, and the antero-posterior and
vertical forces and the location of the center of pressure on the track during ground contact, were computed at a sampling
rate of 1000 Hz. Fig 1 presents representative data on antero-posterior and vertical ground reaction forces for SOC
SOC, ,and Sp.

Low’

High’
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Fig 1. Representative data on antero-posterior and vertical ground reaction forces (GRFs) for a sprinter, a fast-running soccer player, and a
slow-running soccer player across the analyzed steps. (A) First step, (B) Running speed of approximately 8.0 m/s, (C) Second acceleration phase,
(D) Running speed of approximately 9.0 m/s, and (E) Maximal speed phase. The solid black line represents a fast-running soccer player, the solid gray
line represents a sprinter, the dotted black line represents a slow-running soccer player.

https://doi.org/10.1371/journal.pone.0322216.9001

In accordance with the methodology described in our previous study [19], the force data underwent filtering using a
fourth-order zero-lag low-pass Butterworth filter with a cutoff frequency of 50 Hz. Ground contact and takeoff times were
determined based on thresholds set at 20N for vertical force, allowing identification of the braking and propulsion phases
based on negative and positive values of the antero-posterior force, respectively. Spatiotemporal parameters were calcu-
lated as described in previous studies [19,20]. Ground contact time was defined as the duration between ground contact
and takeoff for each step. Flight time was the period between takeoff in one step and ground contact in the next step. Step
frequency was calculated as the inverse of the sum of contact time and flight time, and step length was determined as the
distance between the midpoint of ground contact and takeoff in one step and the corresponding midpoint in the next step.
Running speed was obtained by multiplying step frequency and step length. Antero-posterior and vertical forces were
averaged over the duration from ground contact to takeoff for each step, and net antero-posterior and vertical impulses
were computed through time integration of these forces. To mitigate the influence of left-right imbalance on the measured
variables, the step-by-step data were smoothed using a moving average over two steps. In accordance with a previously
published study [21], the average value of each variable was calculated for each participant during the first four steps
(A,,), the middle four steps (specific to individuals) (A, ), and four steps including maximal speed (including two steps
before and one step after maximal speed (MS). The middle four steps were defined relative to the middle step during the
acceleration phase from the start to the step at maximal speed.

To examine group differences in each variable at the same running speed, we interpolated each variable as a func-
tion of running speed within the data range of each participant. From the interpolated data, we extracted the measured
variables at 7.5 m/s, 8.0 m/s, 8.5 m/s, and 9.0 m/s. In SOC, , the running speed of two participants did not reach a
maximum of 8.0 m/s. In SOC,,_, three participants did not reach 8.5 m/s, while in SOCH,.gh, two participants did not
reach 9.0 m/s. In Sp, one participant also did not reach 9.0 m/s. Therefore, the independent variables at the corre-
sponding running speed were treated as missing values. To determine the theoretical maximal running speed (MS),
the stance-averaged horizontal forces were plotted against running speed and fitted linearly with a first-order polyno-
mial function. The y-intercept was computed as MS,. The running speed in each phase was also expressed as the
value relative to MS; (%MS).
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Statistical analysis

Descriptive data are presented as means and standard deviations. Given the assumption of group differences in running
speed, a generalized linear mixed effect model (GLMM) was employed to examine group differences in the independent
variables. The model incorporated group (Sp, SOCH,.gh, SOC,,., and SOC, ), phase (7.5 m/s, 8.0 m/s, 8.5 m/s, 9.0 m/s,
A A, and V), and a group-by-phase interaction. The GLMM included a random intercept to accommodate random
variation in running speed at the maximal speed phase between participants and a random slope for phase. This was
done to address random variation changes in the independent variables across phases between the participants. Covari-
ation between the random intercept and slope was assessed to determine if the change across phases was dependent on
running speed in the maximal speed phase. When significant main effects of group and phase were detected, a Bon-
ferroni test was conducted with all combinations for post hoc comparisons. Additionally, in the presence of a significant
group-by-phase interaction, a GLMM with a Bonferroni test was applied within each group to assess the significance of
phase-related differences in the independent variables. One-way analysis of variance (ANOVA) with factorial analysis was
conducted to test group differences in mechanical parameters derived from the stance-averaged GRFs and running speed
relationship. In this analysis, when the F value was significant, a Bonferroni test was conducted for post hoc comparisons.
The level of significance was set at 5%, and the p-value was computed using statistical software (IBM SPSS Statistics 26,

IBM, Japan).

Results

Fig 2 summarizes the main results of this study. To characterize the spatiotemporal and kinetic parameters of fast-running
soccer players, we compared each variable between SOCH,.gh and Sp and between SOCH,.gh and SOC, .

Initial sprint acceleration phase (A,_)

Table 1 presents running speed and spatiotemporal variables during sprint running for all groups. No significant difference
was found in running speed between SOCH,g,, and Sp, but the %MS tended to be higher in SOCHigh compared with Sp (p
= 0.061). Running speed was significantly higher in SOCH,.gh than in SOC, . SOCH,.gh exhibited a shorter propulsive time,
resulting in a shorter ground contact time and a higher step frequency compared to Sp and SOC,  (Table 1). There were
no significant group differences in the braking time. Flight time tended to be longer in SOCHigh compared to SOC,  (p =
0.057). There was no significant difference in step length between SOCH,.gh and Sp or between SOCH,.gh and SOC, .

Table 2 presents antero-posterior and vertical force production during sprint running. SOCH,Q,, exhibited lower net
antero-posterior impulse and propulsive impulse compared to Sp. No significant differences in stance-averaged antero-
posterior force, braking or propulsive force were observed between SOCH,.gh and Sp. Net antero-posterior impulse was
greater in SOCHigh than in SOC, , resulting from a greater propulsive impulse. SOCH,.gh exhibited a greater propulsive force
compared to SOC,  , resulting in a greater stance-averaged antero-posterior force.

The vertical impulse was lower in SOCH,.gh than in Sp and SOC,  (Table 2). The averaged vertical force during the pro-
pulsive phase tended to be greater in SOCH,.gh compared with SOC, (p = 0.058).

The second acceleration phase (A, )

Running speed was lower in SOCHigh than that in Sp but higher than in SOC,  (Table 1). There were no significant group
differences in the %MS;. No significant difference in ground contact time was found between SOC,, and Sp (Table 1).
SOCH,.gh exhibited a shorter ground contact time compared to SOC, , primarily due to a shorter propulsive time. There
was no significant difference in flight time between SOCH,g,, and Sp, nor between SOCH,.gh and SOC, . Step length was
shorter in SOCH,.gh compared to Sp, while no significant difference in step frequency was observed between the two group.
SOCH,.gh demonstrated a higher step frequency and a longer step length compared to SOC, .
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There were no significant differences between SOC,, , and Sp and between SOC,,, and SOC,, in each of the net
antero-posterior impulse, braking impulse and propulsive impulse (Table 2). SOCH,.gh had a lower braking force compared
with Sp. Propulsive force was greater in SOC,, , compared to SOC,,.

No significant differences were found between SOC,, , and Sp in vertical impulse, vertical impulse during the braking
or propulsive phases (Table 2). The averaged vertical force during the propulsive phase was lower in SOCH,.gh than in Sp.
SOCH,.gh exhibited a lower vertical impulse and greater averaged vertical force and vertical force during the propulsive

phase compared to SOC,_,.

Maximal speed phase (MS)

Maximal running speed was lower in SOCH,.gh than in Sp but higher than in SOC,  (Table 1). There was no significant group
difference in the %MS,. SOCH,.gh exhibited a longer braking time compared to Sp, resulting in a longer ground contact time.
Flight time was shorter in SOC,.,,-Q,, than in Sp. SOC,.,,-Q,, demonstrated a shorter step length compared to Sp, while no signif-
icant difference in step frequency was observed. Compared to SOC,_, SOCH,.gh exhibited a shorter ground contact time.
Braking time tended to be shorter in SOCH,.gh compared to SOC,  (p = 0.058). No significant difference was observed in flight
time between both groups. SOC,, , exhibited a longer step length and a higher step frequency compared to SOC .

There were no significant differences between SOC,, , and Sp, nor between SOC,,, and SOC  in net antero-posterior
impulse, braking impulse or propulsive impulse. Both braking and propulsive forces were lower in SOCH,.gh compared to
Sp. There were no significant differences between SOC,, and SOC , in stance-averaged antero-posterior force, braking
or propulsive forces.

There were no significant differences between SOCH,.gh and Sp in vertical impulse, vertical impulses during the braking
and propulsive phases. Stance-averaged vertical force was lower in SOCH,Q,, than in Sp, primarily due to lower averaged
vertical forces during the propulsive phases. The averaged vertical force during the braking phase tended to be lower in
SOC,,,, than in Sp (p = 0.060). Vertical impulse was lower in SOC,,  than in SOC . SOC,,  exhibited a greater averaged
vertical force compared to SOC, .

Comparison between fast-running soccer players and sprinters at the same running speed (Table 3)

Regardless of running speed, %MS, was higher in SOCH,gh compared to Sp. No significant differences in ground contact
time and flight time were observed between the two groups at any running speed. At 9.0 m/s, braking time was longer
but propulsive time tended to be shorter (p = 0.062) in SOCH,-g,, than in Sp. There were no significant differences in step
frequency or step length between SOCH,.gh and Sp at any running speed, except for 7.5 m/s.

At 9.0 m/s, net antero-posterior impulse, stance-averaged antero-posterior and braking forces were lower in SOCH,.gh
compared to Sp, but no significant differences were found between the two groups in those at other running speeds. Pro-
pulsive impulses at 8.0 m/s and more were lower, and propulsive forces at 7.5 m/s and over were lower in SOCH,.gh than in
Sp. No significant differences were observed between the two groups in braking impulse at any running speed.

Compared to Sp, SOCH,Q,, exhibited larger vertical impulse during the braking phase but lower vertical impulse during
the propulsive phase at 9.0 m/s, while the corresponding difference was found in vertical impulse on ground contact.
There were no significant differences between the two groups in vertical impulse during the braking or propulsive phases
at any running speed. At 9.0 m/s, the averaged vertical force during the propulsive phase was lower in SOCH,Q,, compared
to Sp, while no significant differences were found between the two groups in the stance-averaged vertical and vertical
forces during the braking phase.

Comparison between fast- and slow-running soccer players at the same running speed (Table 4)

Regardless of running speed, %MS, was lower in SOC,, . compared to SOC . No significant differences were observed
between the two groups in ground contact time and flight time. Braking time was shorter in SOCH,.gh compared to SOC

Low?
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while propulsive time was longer. SOCHigh exhibited higher step frequency compared to SOC, . Step length at 8.0 m/s
tended to be shorter in SOC,, , thanin SOC, . but the difference was not significant (o = 0.070).

At 7.5 m/s and 8.0 m/s, net antero-posterior impulse was greater in SOCH,.gh compared to SOC, . primarily due to lower
braking impulse and larger propulsive impulse in the former. The stance-averaged antero-posterior forces at the two run-
ning speeds were higher in SOC,, , than in SOC . At 8.0 m/s, propulsive force was higher in SOC,,  thanin SOC,, and
braking force tended to be lower in the former compared to the latter (p = 0.060).

At 7.5 m/s and 8.0 m/s, vertical impulses during the braking phase were lower and those during the propulsive phase
were higher in SOCHigh than in SOC, . There was no significant difference in stance-averaged vertical force between the
two groups. However, the averaged vertical force during the braking phase was smaller and that during propulsive phase
was greater in SOC,,  compared to SOC, .

Low?

Discussion

This study conducted group comparisons through the two approaches: (1) aligning sprint running phase based on defini-
tions from a previous study [8] and (2) matching running speeds between SOCH,.gh and Sp (7.5-9.0 m/s), as well as among
soccer players (7.5 m/s and 9.0 m/s). The first approach revealed that running speed for SOCH,.gh was similar to that for
Sp during the A, but was lower than Sp during the A, , and the MS phases. The second approach indicated that at 9.0
m/s, SOCHigh exhibited smaller net antero-posterior impulse and propulsive impulse compared to Sp. In SOCH,.gh, vertical
impulse during the braking phase increased due to a longer braking time, whereas vertical impulse during the propulsive
phase decreased due to both a shorter propulsive time and a lower vertical force during the corresponding phase. In

the running phase from A, to MS, running speeds were higher in SOC,,  than in SOC . This was due to a higher step
frequency throughout all sprint phases and a longer step length from the A,  to the MS in SOCH,.gh. Additionally, SOCH,.gh
exhibited a greater net antero-posterior impulse during the A, and lower vertical impulse throughout entire running phase
compared to SOC, . These results were consistent regardless of the approaches. Thus, the current results indicate that
as compared to sprinters, fast-running soccer players may exhibit different sprint mechanics for speed acquisition during
the initial acceleration phase, although they can achieve similar running speeds and maintain comparable acceleration
capability up to 8.5 m/s, but beyond the 2" acceleration phase, they generate lower propulsive forces and greater vertical

force production during the braking phase due to a longer braking time compared to sprinters.

Initial sprint acceleration phase

1st?
of step length and step frequency. Step frequency was higher in SOCH,.gh than in SOC,  , whereas no significant differ-

ence was found in step length between the two groups. Therefore, group difference in running speed depends on step
frequency. Consequently, a shorter ground contact time resulted in a higher step frequency for SOC,,  compared with
SOC, - Additionally, in this study, the antero-posterior impulse was higher in SOCH,.gh than in SOC, . Step length is known
to be associated with both antero-posterior and vertical impulses [22]. A lack of group difference in step length could be
due to a lower vertical impulse in SOCHigh in comparison with SOC, . Considering that stance-averaged antero-posterior
force was greater in SOC,,  than in SOC _, itis likely that SOC,, = can generate greater antero-posterior force than
SOC, , even within a short duration of ground contact in the 1% acceleration phase.

The SOCH,Q,, demonstrated a running speed comparable to that of Sp. The step frequency was higher in SOCHigh com-
pared with Sp, resulting from a shorter ground contact time. On the other hand, SOCH/.gh had a lower net antero-posterior
impulse compared to Sp, primarily due to a lower propulsive impulse. There were no significant differences in stance-
averaged antero-posterior force, baking or propulsive forces between the two groups. Therefore, fast-running soccer play-
ers may be able to achieve similar speeds to sprinters by reducing ground contact time, particularly during the propulsive
phase, and increasing step frequency.

Inthe A, SOC,,, exhibited higher running speed compared with SOC . Running speed is theoretically the product
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The 2™ acceleration phase

During the A, ;, SOC,, , exhibited a higher running speed compared to SOC, . The mechanism contributing to the dif-
ference in running speed between the two groups was associated with the magnitude of step frequency and step length.
Compared to SOC,,, SOCH,.gh demonstrated higher step frequency and longer step length. SOCH,.gh had shorter ground
contact time, and higher stance-averaged vertical force as compared to SOC, . The stance-averaged vertical force was
negatively related to ground contact time in the A, . (r = 0.726 for soccer players) (unpresented data). These indicate that
as compared to SOC ,, SOC,, , can produce greater vertical force within a short ground contact time. Additionally, since
there was no significant difference in the flight time between SOC,, , and SOC, . a higher step frequency for SOC,,

may be due to a shorter ground contact time than SOC, . The vertical and antero-posterior impulses could not explain
the group differences in step length. Net antero-posterior impulse is associated with the subsequent change in running
speed during the entire acceleration phase [23]. The lack of difference in antero-posterior impulse indicates that there

was no difference in the change in running speed. Additionally, the stance-averaged antero-posterior force in the first step
correlates with each 5-m split time from 5 m to 20 m for semi-professional soccer players [24]. Thus, the difference in the
antero-posterior impulse before the 2" acceleration phase might contribute to the observed difference in running speed. In
addition, antero-posterior impulse is a determinant of step length [22]. In this study, the net antero-posterior impulse in the
initial acceleration phase was higher in SOCH,.gh compared with SOC, . It implies that group difference in step length might
be due to the antero-posterior impulse before the 2™ acceleration phase. Therefore, a higher running speed observed

in SOCH,.gh during the 2™ acceleration phase could be due to a longer step length, driven by a greater antero-posterior
impulse before the A, , as well as a higher step frequency, resulting from shorter ground contact time and greater vertical
force production.

SOCH,.gh exhibited a lower running speed compared to Sp. Step length was lower in SOCH,.gh than in Sp, whereas no
significant difference was found in step frequency between both groups. Therefore, the difference in the running speed
between SOC,.,,-g,, and Sp was due to differences in the step length. In the 1t acceleration phase, SOC,.,,-g,, had a higher
step frequency compared to Sp, but there was no significant difference in step frequency between the two groups in the
2" acceleration phase. This could be due to the lack of group differences in ground contact time and flight time during the
2" acceleration phase. On the other hand, while no significant differences in antero-posterior and vertical impulses were
observed, SOCH,gh had a lower step length compared to Sp. As for the antero-posterior components, a previous study
demonstrated that soccer players exhibit lower net antero-posterior impulse than Sp, and the force vector is more inclined
in the direction of propulsion in high-speed running (8 and 8.5 m/s) [15]. This discrepancy may stem from differences in
analytical approaches: comparing at the same running speed vs. within the same sprint phase. To examine this assump-
tion, we plotted the relationship between each measured variable and %MS, (S1 Fig). The results showed that both net
antero-posterior impulse and stance-averaged antero-posterior force exhibited linear relationships, regardless of the
group. This suggests that, despite differences in absolute running speed, the ability to accelerate within the same running
phase may be comparable between sprinters and fast-running soccer players. As mentioned above, the group differences
in step length may have been attributable to the antero-posterior impulse before the 2" acceleration phase. Therefore, the
difference in running speed between SOCH,gh and Sp during the 2" acceleration phase could be due to a greater antero-
posterior impulse before the A, .

2nd’

Maximal speed phase

In the MS, SOCH,.gh demonstrated a higher running speed compared to SOC,_ , resulting from a longer step length and a
higher step frequency. The higher step frequency observed in SOCH,.gh can be attributed to a shorter ground contact time. It
is known that footballers with high vertical stiffness during hopping tasks have higher maximal speed compared to footbal-
lers with low vertical stiffness, and the group differences in sprint performance can be observed at a distance of 30—60 m
[25]. Combining the current results with the previous findings, it can be suggested that SOCH,.gh might have higher vertical
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stiffness via stance-averaged vertical forces compared with SOC, . Additionally, since no significant group differences
in antero-posterior and vertical impulses were found between the two groups, longer step length in SOCHigh might result
from the magnitude of running speed before maximal speed phase. Therefore, SOCH,.gh can produce greater vertical force
during a short ground contact compared with SOC,  in the maximal speed phase.

The difference in running speed between SOC,, and Sp mirrored that in the A, . Step length was shorter in SOC,,
than in Sp, whereas no significant difference was found in step frequency between both groups. These findings support
the previous findings that during the maximal speed phase, non-sprinters demonstrated shorter step lengths whereas
step frequency of non-sprinters was comparable to that of sprinters [26]. The difference in running speed was due to the
magnitude of step length between the two groups. Shorter step length for SOCH,.gh in comparison with Sp might be due to
the difference in running speed before the maximal speed phase. SOCH,.gh exhibited vertical impulse comparable to Sp, but
SOCH,.gh had a longer ground contact time and a shorter flight time. Since step frequency is the inverse of the sum of ground
contact time and flight time, the longer ground contact and shorter flight time offset each other, resulting in no difference
between SOCH,.gh and Sp for step frequency. A previous study found that trained team sport athletes exhibited lower vertical
stiffness compared with sprinters [26]. A stiffer leg spring allows high vertical forces [27] and a short contact time [28]. In this
study, the stance-averaged vertical force was lower in SOCH,.gh compared to Sp, which is consistent with the previous find-
ings [16,29]. The vertical force during the braking phase tended to be lower in SOC,.,,-gh than in Sp. Clark and Weyand [16]
demonstrated a positive correlation between maximal running speed and stance-averaged vertical force during the braking
phase. Additionally, SOCH,.gh exhibited a lower vertical force during the propulsive phase compared to Sp. The development
of maximal speed during sprinting is accompanied by an increase in vertical stiffness [30]. Based on these findings, it is
likely that fast-running soccer players cannot stiffen their lower limbs particularly during the maximal speed phase, and con-
sequently generate lower vertical forces, and experience longer ground contact times compared to sprinters.

Factors contributing to differences in maximal running speed between fast-running soccer players and sprinters

In this study, we compared spatiotemporal variables and ground reaction forces between SOCH,Q,, and Sp with relation

to the same running speed and the same running phase. In this section, we discuss the factors contributing to the lower
maximal running speed of SOCH,.gh compared to Sp, based on the findings of this study. As seen in Fig 1, SOCH,.gh exhib-
ited a higher step frequency than Sp up to 7.5 m/s; however, beyond this speed, no significant difference was observed.
Additionally, in SOC,, ., step frequency decreased from A,  to MS, whereas it remained constant during the correspond-
ing phase in Sp. This decrease may be attributable to a longer ground contact time in SOCH,.gh, likely due to lower vertical
forces, particularly during the propulsive phase. As greater vertical force during ground contact was associated with a
shorter ground contact time above mentioned, it is assumed that SOCHigh may be unable to reduce their ground contact
time due to lower vertical force during the propulsive phase, which may have prevented them from maintaining step
frequency.

Another mechanism underlying the difference in maximal running speed between SOC,, , and Sp may be the differ-
ence in net antero-posterior impulse at the same running speed. At 9.0 m/s, SOCH,.gh exhibited a lower net antero-posterior
impulse, primarily due to a lower propulsive impulse compared to Sp. Given these findings, the lower maximal running
speed in SOCH,.gh may be attributable to the inability to generate sufficient acceleration to achieve higher speeds beyond
A, Taken together, fast-running soccer players exhibit lower acceleration capability beyond the 2" acceleration phase
and reduced vertical force during the propulsive phase, which may contribute to their lower maximal running speed com-

pared to sprinters.

Factors contributing to differences in maximal running speed between fast- and slow-running soccer players

In this section, we discuss the factors contributing to the lower maximal running speed of SOC,, , compared to SOC,,
based on the findings of this study. As shown in Fig 1, SOC,, , exhibited a higher step frequency during entire sprint
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running. This may be due to a shorter flight time in SOC,, . primarily resulting from lower vertical impulse, as no signifi-
cant differences were observed in ground contact time between the two groups. Additionally, beyond A, , SOC,,  exhib-
ited higher vertical forces during ground contact, particularly in the propulsive phase, leading to a shorter ground contact
time compared to SOC, . Therefore, the higher step frequency in SOC,.,,-gh beyond the 2" acceleration phase can be
attributed to greater vertical force.

In both groups, step length increased with running speed, and SOCH,.gh was able to extend their step length even further
as running speed increased. Both antero-posterior and vertical impulses are determinants of step length [22]. Since ver-
tical impulse was lower in SOCH,.gh compared to SOC, , the longer step length in SOCH,.gh may be attributed to a greater
net antero-posterior impulse. In particular, SOCH,.gh exhibited less braking impulse due to brief braking time and greater
propulsive impulse resulting from both longer propulsive time and propulsive force up to the A, . Based on these findings,
fast-running soccer players can produce greater propulsive force throughout the entire running phase and generate larger
vertical forces at higher speeds compared to slow-running soccer players.

Limitations of this study

There are some limitations in this study. First, we did not have data on sprint running kinematics. A study by Garden
[31] has shown that the kinematics of sprint running may differ between sprinters and soccer players, which could
explain the differences in spatiotemporal and mechanical variables observed in this study. In particular, biomechanical
analysis is needed to investigate the factors contributing to the increase in braking time and the reduced propulsive
time from the 2™ acceleration phase to the maximal speed phase. Second, the difference in ground reaction forces
between sprinters and soccer players might be influenced by footwear (spiked shoes vs. running shoes). To the best of
our knowledge, no study has explicitly examined this factor. In this study, participants were instructed to wear their reg-
ularly used shoes to ensure familiarity and natural sprint performance. Finally, this study examined regional collegiate
soccer players, whereas the previous study included regional to national level players [17]. Further research is needed
to clarify these points.

Conclusion

Sprint mechanics of fast-running soccer players is characterized by similar ability of speed acquisition up to the 2" accel-
eration to sprinters but, at above 9.0 m/s and more, they exhibit an increase in vertical impulse during ground contact,
leading to a lower step frequency. Additionally, fast-running soccer players produce greater acceleration capacity, lower
vertical force during the braking phase, and higher vertical force during the propulsive phase compared to slow-running
soccer players.

Supporting information

S1 Fig. Associations of spatiotemporal variables and ground reaction forces with the percentage of running
speed relative to theoretical maximal running speed. Data points are represented as sprinters (white-filled triangles),
fast-running soccer players (black-filled circles), medium-running soccer players (gray-filled circles), and slow-running
soccer players (white-filled circles).
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