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Changes in whole-body center of mass (COM) direction and speed over multiple
steps during a maximal effort change of direction (COD) task have not been fully
examined. This study aimed to (1) quantify COM direction and speed changes
across three steps —approach (APP), execution (EXE), and following (FOL)—
during a 45° COD task, and (2) compare force production between EXE and
FOL. Ten male American football players performed straight running (RUN)
and sidestep cutting to a 45° COD (COD45) tasks. In RUN, participants
sprinted 15 yards (13.73 m) at maximal speed. In CODA45, they sprinted 10
yards (9.15m), executed a 45° cut, and completed an additional 5-yard
(4.58 m) sprint. COM speed and direction were analyzed across four flight
phases in COD45 (FLIGHT-2, FLIGHT-1, FLIGHT + 1, FLIGHT + 2) and three in
RUN (FLIGHT-2, FLIGHT-1, FLIGHT +1). Horizontal ground reaction impulses
(GRIs) during EXE in RUN and EXE and FOL steps in COD45 were analyzed in
a local coordinate system aligned with the COM velocity vector. Although
COM speed remained unchanged during EXE (between FLIGHT-1 and
FLIGHT +1; p=.053), this step produced a greater medial GRI than FOL
(p<.001); however, the direction change during this step was only 15.30°,
one-third of the required 45°. APP and FOL contributed 9.70° and 9.05°,
respectively, to the direction change while simultaneously increasing COM
speed by 0.23m/s and 0.13m/s, respectively. Therefore, completing a
maximal effort 45° COD requires multi-step role sharing, incorporating both
directional changes and acceleration.
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1 Introduction

The ability to change direction is essential in competitive sports such as American
football, basketball, and soccer (1-4). To gain separation from an opponent, athletes
need to run fast and perform changes of direction quickly and with maximum effort.
Athletes competing at a higher level in invasion sports such as soccer, rugby union, and
American football have shorter completion times than those at a lower competitive
level (5-7).

Previous studies have investigated the biomechanical characteristics of a single foot,
referred to as the “execution step” (EXE) (8), or the “plant step” (9), during a change of
direction (COD) task. Havens and Sigward (10) reported that the EXE produces great

01 frontiersin.org


http://crossmark.crossref.org/dialog/?doi=10.3389/fspor.2025.1576614&domain=pdf&date_stamp=2020-03-12
mailto:daichi.yamashita@jpnsport.go.jp
https://doi.org/10.3389/fspor.2025.1576614
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fspor.2025.1576614/full
https://www.frontiersin.org/articles/10.3389/fspor.2025.1576614/full
https://www.frontiersin.org/articles/10.3389/fspor.2025.1576614/full
https://www.frontiersin.org/articles/10.3389/fspor.2025.1576614/full
https://www.frontiersin.org/journals/sports-and-active-living
https://doi.org/10.3389/fspor.2025.1576614
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

Yamashita et al.

braking and medial ground reaction impulses (GRIs), which
contribute to decelerating and rotating the whole-body center of
mass (COM) velocity vector during a 45° COD task performed
with maximal effort. They also showed that the approach step
(APP; one step before EXE) produces greater braking and medial
GRI and changes the COM direction compared with straight
sprinting (10).

Moreover, Vanrenterghem et al. (11) reported that after the
EXE takeoff, the COM velocity vector does not achieve the
required direction during a 45° COD task, even at submaximal
speeds (2-5m/s), and the directional change during the EXE is
smaller with increasing running speed. Some studies have shown
that COD tasks are completed with multi-step sharing roles (9,
12), at running speeds (13) and even at walking speeds (i.e.,
living) (14, 15). Although the
contribution of the following step (FOL; one step after EXE)

activities of daily great
performed during maximal effort COD can be easily expected, its
contribution remains unknown.

In experimental settings that include COD tasks with
submaximal speeds, previous studies reported that the APP and
EXE play roles in decelerating the COM speed (8, 11, 16).
However, in sports, COD tasks are usually conducted during the
acceleration phase to evade or catch an opponent. Hader et al.
(2) and Andrews et al. (17) stated that there are three phases of
COD tasks:

Nevertheless, no study has quantified the change in COM

acceleration, deceleration, and re-acceleration.
direction and speed that occurs with multiple steps during a
COD task that is performed with maximal effort (e.g., when and
how an athlete accelerates, decelerates, and re-accelerates while
changing the COM direction).

Therefore, this study aimed to (1) quantify COM direction and
speed changes over three steps (APP, EXE, and FOL) during a
maximal effort 45° COD task and compare these changes with
those during straight running; and (2) compare the GRIs
between the EXE and FOL during the COD task. It was
hypothesized that: (1) not only the EXE but also the APP and
FOL contribute to the directional change needed to achieve the
45° direction change, with the APP and EXE primarily
contributing to deceleration, while the FOL contributes to
acceleration; and (2) the EXE produces a greater medial GRI
than the FOL.

2 Materials and methods
2.1 Participants

The study included ten Japanese male semi-professional and
division 1 collegiate American football players (25.3+3.2 years,
1.73£0.05m, 77.9+6.1 kg, and 8.6 +4.5 years of experience).
The participants had no history of major lower limb injury or
neuromuscular disorders within the past 3 years. All participants
were offensive skill-position players (running backs and wide
receivers). Three participants with experience on the Japan
national team were classified as Tier 4 (international/elite level),
while the remaining seven participants were classified as Tier 3
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(highly trained/national level) (18). Power analysis conducted

using G*Power (version 3.1.9.2; Heinrich-Heine-Universitat
Diisseldorf, Diisseldorf, Germany) indicated that a minimum of
nine participants would be required to detect a large effect size
(f=0.4, corresponding to a partial 1 of 0.14) (19) with 95%
power at a 5% significance level in a 2 x 3 repeated-measures
analysis of variance (ANOVA). Therefore, the sample size of ten
participants was deemed sufficient for this study. They provided
written informed consent to wundergo the experimental
procedures. The study was conducted in accordance with the
Declaration of Helsinki and approved by the ethics board of the

Japan Institute of Sports Sciences (approval number: H26-015).

2.2 Procedures

Before testing, the participants 15 min

standardized warm-up comprised of jogging, dynamic stretching,

completed a

and sprinting. Then, they performed two tasks on the indoor
Tartan track: straight running (RUN) and sidestep cutting to 45°
(COD45). For RUN, they ran as fast as possible across a 15-yard
(13.73 m) path (Figure la). For COD45, they ran as fast as
possible across a 10-yard (9.15 m) path, planted their left foot on
a force platform at the 10-yard point to change direction for a
45° cut, and then ran an additional 5 yards (4.58 m) to the finish
line (Figure 1b). Due to space limitations in the laboratory, the
COD45 could only be performed to the right, but since these
running paths are common passing routes for offensive skill-
position players in American football (20), assessing only one
direction is unlikely to affect the experimental outcomes. All
participants wore the same model of athletic
(LANCAMENTO SL4, Mizuno, Osaka, Japan).
platforms were built in the track, covered with the same Tartan

shoes
Four force

mat, and leveled with the track. Running paths were marked on
the floor with tape. To ensure consistent placement of the
execution step (EXE) on the force platform while minimizing
the need for participants to consciously adjust their stride, the
starting position was adjusted behind the start line for each
participant. Although no specific instructions were provided
(FOL),
participants consistently stepped onto the subsequent force

regarding foot placement for the following step
platform across all trials. The testing protocol consisted of four
successful trials of each task. The order of the tasks (RUN and
COD45) was randomized for each trial to prevent effects related
to the testing order.

Three-dimensional (3D) coordinates of the participants’
anatomical landmarks were acquired using a 3D optical motion
capture system equipped with 20 cameras (250 Hz; Vicon,
Oxford, UK). Twenty-eight reflective markers were attached to
each participant’s seventh cervical vertebrae, suprasternal notch,
right and left sides of their heads, shoulders, elbows, wrists,
hands, anterior superior iliac spines, greater trochanters, heels,
toes, medial and lateral knees, and ankles. The COM trajectory
was calculated based on body segment parameters (21). The
mass of the shoe (0.26 kg) was added to the foot mass for COM
(GRF) data were

calculations (22). Ground reaction force
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obtained at 1,000 Hz using force platforms (0.9 m x 0.6 m, type
9287B; Kisler Group, Winterthur, Switzerland).

2.3 Data collection

The marker data were low-pass filtered using a fourth-order
zero-lag Butterworth filter with a 12 Hz cutoff frequency (10).
The GRF data were low-pass filtered using a fourth-order
zero-lag Butterworth filter with a 75 Hz cutoff frequency (23),

10.3389/fspor.2025.1576614

down-sampled to 250 Hz, and synchronized with the
kinematic data.

The COM speed was defined as the magnitude of the
horizontal COM velocity vector, while the COM direction (6)
was defined as the angle between the horizontal COM velocity
vector and the Y-axis of the laboratory reference frame
(Figures la,b). The execution step was defined as the cut step
(EXE), with the preceding step as the approach step (APP), and
the subsequent step as the following step (FOL). COM speed and
direction were calculated for four flight phases in COD45 and

three in RUN (Figure 2). In COD45, these phases corresponded

(b) COD45
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Experimental setup for (a) straight running (RUN) and (b) 45° change-of-direction (COD45) tasks. APP, approach step; EXE, execution step; FOL,
following step. The rectangular grids represent the force platforms. The laboratory reference frame is defined by the X and Y axes, while 6
represents the direction of the center of mass (COM). (c) Definition of the local coordinate system, which is aligned with the COM velocity vector.
The gray dashed line represents the path of progression. The local reference frame is defined by the X' and Y' axes. The horizontal ground
reaction force (GRF) consists of propulsive-braking and medial-lateral components.
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FIGURE 2
Time course of foot contact and definitions of the flight phases. RUN, straight running; COD45, 45° change of direction; APP, approach step; EXE,
execution step; FOL, following step.
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to the flight phases before the APP (FLIGHT-2), between the APP
and EXE (FLIGHT-1), between the EXE and FOL (FLIGHT + 1),
and after the FOL (FLIGHT +2). In RUN, these phases
corresponded to the flight phases before EXE (FLIGHT-2),
between APP and EXE (FLIGHT-1), and after EXE
(FLIGHT + 1). Flight phases were identified based on one of the
following criteria: (1) the toe and heel markers were more than
0.08 m above the ground, or (2) the vertical GRF was less than
30 N when the foot contacted force platforms. COM speed and
direction were calculated by averaging five frames within each
flight phase, assuming the COM’s horizontal speed and direction
remain constant during the flight phase due to the principle of
projectile motion.

To assess the components of GRF contributing to changes in
the COM speed and direction, horizontal GRFs during EXE in
RUN, and EXE and FOL in COD45, were rotated into a local
coordinate system (Figure 1c). The local coordinate system was
aligned with the COM velocity vector using the three-point finite
difference method (14). The rotated GRFs were integrated to
determine propulsive, braking, medial, and lateral GRIs, as well
as net propulsive and net medial GRIs. The GRIs were
normalized by body mass. Theoretically, propulsive and braking
GRIs correspond to the increase and decrease in COM velocity
during stance, respectively. Similarly, medial and lateral GRIs
theoretically represent the change of the COM angle toward and
away from the cutting direction, respectively. Foot contact events
were defined using a 30 N vertical threshold (10). Due to
limitations in the available space within the laboratory, GRFs
during FOL and COM speed and direction during FLIGHT + 2
of RUN were not analyzed (Figures la, 2). For all dependent
variables, the analysis included the average of the fastest three
trials during the FLIGHT-1; the slowest trials during the
FLIGHT-1 were excluded from the analysis. All numerical
calculations were performed using MATLAB 2018b (MathWorks,
Inc., Natick, MA, USA).

2.4 Statistical analysis

Two-way repeated-measures analysis of variance (ANOVA)
was used to determine if differences existed in the COM angle
and speed between tasks (RUN and CODA45) or flight phases

TABLE 1 COM direction and speed during each flight phase.

10.3389/fspor.2025.1576614

(FLIGHT-2, FLIGHT-1, FLIGHT + 1). When the Mauchly test of
sphericity showed heterogeneity of covariance, the more
conservative Greenhouse-Geiser test was performed. Significance
was set at @ =.05. post-hoc analyses were conducted with paired
t-tests to compare the values measured at each flight phase
between tasks using Bonferroni correction, o <.017 (.05/3). One-
way repeated-measures ANOVA was performed to analyze the
COM speed and the direction across flight phases within each
task. When the effect of the flight phase was determined, post-
hoc analyses were performed with the Bonferroni test. Paired-
sample t-tests were also performed to compare GRIs between
EXE in RUN and EXE in COD45, as well as between EXE and
FOL in COD45. Statistical analyses were performed using IBM

SPSS Statistics 19.0 (IBM Corp., Armonk, NY, USA).

3 Results

A significant interaction was observed for the COM direction
(F2,18) = 870.30, nf, =.990, p<.001) (Table 1).
repeated-measures ANOVA revealed a significant main effect of
the flight phase in both RUN (F, 15 =17.04, 77;2;: .654,
p<.001) and COD45 (F(s, 27)=78575, %= 989, p<.001).
Across all flight phases, the COM direction was significantly
greater in COD45 than in RUN (p<.001), and progressively
increased with each flight phase in COD45 (p <.001). Individual
COM direction data for each participant are presented in the

One-way

Supplementary Figure.

In the comparison of EXE between RUN and COD45, the net
medial and medial GRIs were greater in COD45 than in RUN
(d=15.048, p<.001 and d=15400, p<.001, respectively).
Within COD45, both EXE and FOL generated predominantly
medial GRFs, with negligible lateral GRIs. Comparisons between
EXE and FOL in COD45 revealed that the net medial and
medial GRIs were significantly greater during EXE than during
FOL (d=3.282, p<.001 and d = 3.294, p <.001, respectively). The
medial GRI during EXE was greater than that in FOL (d =2.243,
p<.001), whereas the lateral GRI did not differ significantly
(d=0.501, p=.220).

A significant interaction was observed for the COM speed
(F15=105.69, 7 =.922, p<.001) (Table 1).
repeated-measures ANOVA revealed a significant main effect of

One-way

\ FLIGHT-2 FLIGHT-1 FLIGHT + 1 FLIGHT +2

Direction (degree)
RUN
COD45

0.84 +0.70%°
438 +2.54°¢4

—0.30 £ 0.65%°
14.08 +2.53%¢

Speed (m/s)
RUN
COD45

6.88 £0.03%°°
6.43 +0.26"°

7.21 £0.30%°
6.66 +0.29

COM, center of mass; RUN, straight running; COD45, 45° change of direction.
“Significant difference compared to COD45 (p <.05).

"Significant difference compared to Flight-1 (p <.05).

“Significant difference compared to Flight + 1 (p <.05).

9Significant difference compared to Flight +2 (p <.05).
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1.45 +0.82° -
29.38 +2.454 3843 +1.33
7.51+0.32° -
6.55 +0.35¢ 6.68 + 0.34
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the flight phase in both RUN (F,, 15 =491.74, nf, = .982, p<.001)
and COD45 (F(1 430, 12873 = 11.76, 2 = 567, p =.002). The COM
speed was consistently lower in COD45 than that in RUN across all
flight phases (p<.05). In RUN, the COM speed increased
progressively across all flight phases (p<.001). In COD45, the
COM speed increased significantly from FLIGHT-2 to FLIGHT-1
(p=.001), remained unchanged between FLIGHT-1 and
FLIGHT +1 (p=.053), and increased again from FLIGHT +1 to
FLIGHT +2 (p=.003). Individual COM speed data for each
participant are also provided in the Supplementary Figure.

In the comparison of EXE between RUN and COD45, the net
propulsive GRI was greater in RUN than in COD45 (d =1.078,
p=.027), while the propulsive GRI did not differ significantly
(p=.463, d=0.243). The braking GRI was significantly greater
during EXE in COD45 compared to RUN (p <.001, d=3.321).
Within COD45, the net propulsive GRI was greater during FOL
than during EXE. In contrast, both braking and propulsive GRIs
were smaller during FOL compared to EXE (p=.003, d=1.267
and p =.002, d = —1.331, respectively).

Stance time was longer during EXE in COD45 than in RUN
(p<.001, d=2.701), but did not differ between EXE and FOL
within COD45 (p =623, d =1.590) (Table 2).

4 Discussion

This is the first study to focus on changes in COM direction
and speed over three steps (APP, EXE, and FOL) during COD45
performed with maximal effort. Partial support for the
hypotheses was found, demonstrating that the APP, EXE, and
FOL all contributed to the directional change. However, even
with the combined contributions of these three steps, the athletes
did not achieve the full 45° change of direction. Contrary to our
initial expectations, the APP and EXE did not contribute to

TABLE 2 Variables obtained from force platforms during the execution
(EXE) and following (FOL) steps.

EXE FOL
Stance time (s) RUN 0.131 +0.008% -
COD45 0.152 + 0.008 0.149 +£0.013
Relative GRI (Ns/kg)
Net Medial RUN 0.13 +£0.09* -
COD45 1.75+0.12° 1.02 £0.29
Medial RUN 0.16 +0.08* -
COD45 1.75+0.12° 1.02+0.29
Lateral RUN 0.03 +0.02% -
COD45 0.00 £ 0.00 —0.00 + 0.00
Net Propulsive RUN 0.29 +0.04° -
COD45 0.02 +0.10° 0.12+0.10
Propulsive RUN 0.39 +0.00 -
COD45 0.38 +0.05° 0.29 £ 0.04
Braking RUN 0.10 +0.02% -
COD45 0.36 +0.08° 0.17£0.09

EXE, execution step; FOL, following step; GRI, ground reaction impulse; RUN, straight
running; COD45, 45° change of direction.

“Significant difference compared to COD45 (p <.05).

PSignificant difference compared to FOL (p < .05).
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deceleration; instead, COM speed increased during APP and
remained relatively unchanged during EXE, while the FOL
contributed to acceleration as hypothesized. These results
confirm that completing a 45° COD task with maximal effort
requires a multi-step strategy that incorporates both directional
changes and acceleration/speed maintenance across multiple steps.

The EXE produced a longer stance time for the COD45 task
than that for the RUN task, which contributes to a greater GRI
(10) and a greater direction change (24). Our study revealed that
the EXE produced a greater medial GRI compared to FOL.
Nevertheless, the angle change during EXE (between FLIGHT-1
and FLIGHT + 1) was only one-third (15.30°) of that required for
the task (45°), even though EXE is defined as the “plant foot”
(25, 26). This result is supported by Vanrenterghem et al. (11),
who revealed that the directional change during EXE in the 45°
COD task decreased with higher approach speeds (from 34.9° at
2m/s-17.5° at 5m/s). Considering that the direction of the
COM velocity vector is calculated by the fore-aft and medial-
lateral components, one can appreciate that as the approaching
speed increases, more of the medial component of the COM
velocity is required to change the same angle. If a player cannot
produce enough medial COM velocity during EXE, then
contribution of the FOL is required. This finding is consistent
with the angle-velocity trade-off model (27), which highlights
that higher approach velocities constrain the achievable cutting
angle. Notably, the approach velocity in our study was
considerably high (6.66 m/s), supporting the interpretation that
the limited directional change during EXE is a natural
consequence of maximizing entry speed during COD.

Our findings revealed that the FOL also contributed to the
COD to some extent (9.05% the direction change between
FLIGHT +1 and FLIGHT +2), producing less medial GRF
impulse compared with the EXE, although the stance time
during the FOL was similar to that during the EXE. This finding
quantitatively supports the concept proposed by Dos’Santos et al.
(12), who suggested that crossover cuts are typically performed
following the main execution sidestep as part of a multi-step
action. Even though participants did not achieve a 45° COD after
the FOL (reaching only 38.43°), this strongly suggests that the
directional change during the FOL was performed with maximal
effort. While various offensive and defensive agility techniques
exist in invasion sports, the primary techniques involving
directional changes with speed maintenance/acceleration are the
sidestep cut and crossover-step cut (28, 29). The sidestep cut
occurs as an athlete plants his/her foot opposite to the new
direction, whereas the crossover-step cut occurs as the athlete
plants his/her foot on the same side of the new direction, and
then crosses the opposite leg (17). Previous studies have
conducted sidestep and crossover-step cut trials, and showed that
the COM direction change was greater during the sidestep cut
than during the crossover-step cut (30-32). Applying these
maneuvers to the current study, the EXE acts as the sidestep cut,
the FOL (and potentially the APP, with a 9.70° directional
change) acts as the crossover-step cut, and the EXE has the
capacity to produce a greater direction change compared with
the FOL. Therefore, our results suggest that the sidestep and
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crossover-step maneuvers were used continuously by the athletes,
not separately, to perform a COD with maximal effort.

In invasion sports, an offensive player generally needs to
minimize the lateral displacement of the COM before EXE, and
then change to the final running direction to prevent anticipation
of this movement by a defensive player (33, 34). However,
participants initiated the COD maneuver prior to EXE (14.08°),
with APP contributing 9.70° to the direction change (difference
between FLIGHT-2 and FLIGHT-1). This finding is consistent
with those reported in previous studies. Havens and Sigward (10)
confirmed that an offensive player produced lateral GRF during
APP. Furthermore, Fujii et al. (35) revealed that a defensive
player anticipated the future direction of an offensive player
before EXE. These anticipatory adjustments during the APP,
which have been suggested to reduce stress on the EXE leg and
alter whole-body posture (36), were also necessary to accomplish
the task. The combined angle change during EXE and FOL
(24.35°) only achieved approximately half of the required 45°
highlighting the need for these pre-EXE adjustments. Although
the task in this study was intentionally designed to replicate pre-
planned offensive passing routes in American football, real-game
situations often require reactive adjustments to prevent defenders
from anticipating the movement. Thus, it should be noted that
the pre-planned nature of the task may not fully replicate the
movement strategies required during actual field play. In
particular, pre-planned settings may lead to a more rounded
movement pattern prior to COD (37), representing a limitation
of the experimental design.

Regarding the change in speed during COD, the EXE has been
considered to play a decelerating role (17), contrasting with an
accelerating phase during EXE in RUN (38, 39). However, our
study found a similar COM speed between FLIGHT-1 (6.66 m/s)
and FLIGHT +1 (6.55 m/s). While the braking GRI during EXE
in COD45 (0.36 Ns/kg) was significantly greater than that during
EXE in RUN (0.10 Ns/kg), our results also showed that a
comparable propulsive GRI was generated during EXE in both
COD45 (0.38 Ns/kg) and RUN (0.39 Ns/kg). Consequently, the
net propulsive GRI during EXE in COD45 was almost zero
(0.02 £0.10 Ns/kg), the primary determinant of COM speed
changes (38, 39), and consequently COM speed remained
relatively unchanged before and after EXE (ie., between
FLIGHT-1 and FLIGHT +1). This suggests that while EXE
produces a large braking GRI, it does not necessarily lead to a
net decrease in COM speed during COD tasks.

During FOL in the COD45 task, the COM speed significantly
increased by 0.13m/s (the difference between FLIGHT +1 and
FLIGHT + 2). This is because the propulsive GRI during FOL was
smaller than that during EXE, yet the COM speed increased by a
much smaller braking GRI than that during EXE. Previous studies
have considered that the FOL acts as the re-acceleration that is
required to gain separation from an opponent (2, 17); however,
those studies have not quantified the amount of acceleration. Our
study confirmed that the FOL increases the COM speed while
producing a less propulsive GRI than that for the EXE.

Our results provide additional insights into the multi-step
strategy during a COD task, especially for the difference between
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maximal and submaximal effort. Many studies have controlled
the COM speed while keeping the experimental condition
constant, and have measured the joint kinematics and kinetics
(8, 11, 16, 30, 31, 36, 40). In this experimental setting, the
participants may possibly decelerate during APP (8, 16) to
prevent local stress of the lower limb in EXE and re-accelerate
during FOL instead (15). However, athletes usually perform a
COD task within a short distance with acceleration, and then
attempt to accelerate again in the new direction, to produce as
much propulsive and medial GRIs at every single step as possible
(41). In the current study, the COM speed increased by 0.23 m/s
during APP in COD45 (from 6.43 m/s during FLIGHT-2-
6.66 m/s during FLIGHT-1). This increased amount tended to be
smaller than that in RUN (0.33 m/s); however, we confirmed that
APP played a role in accelerating the COM speed with maximal
effort COD. Our result supports the finding from a previous
COD study that compared the COM speed with maximal effort
before and after APP (an increase of 0.12 m/s) (10). Therefore,
the strategies to complete the COD task with multiple steps are
different from the maximal and submaximal effort. Additionally,
this performance strategy in sports situations may cause lower
limb injuries. A previous study has reported that most non-
contact anterior cruciate ligament (ACL) injuries in rugby union
occur during sidestep cuts by ball carriers (42). In response,
technique modification training for COD maneuvers has
emphasized deceleration during APP and optimizing of EXE
mechanics to reduce injury risk (43, 44). However, our findings
show that FOL also contributes to directional change through
medial impulse production. Therefore, training strategies should
promote role-sharing across steps, with FOL assisting directional
change to reduce the mechanical demands on APP and EXE,
offering a broader perspective for injury prevention.

This study had some limitations. The RUN and COD45 were
performed on a synthetic track rather than on artificial or
natural turf with cleats, and differences in the coefficient of
friction may have altered the force application during the COD
task (45), which in turn could have affected speed and agility
performance (46, 47). Although participants were offensive skill-
position players accustomed to cutting in both directions,
analyzing only right-sided cuts may have introduced bias related
to limb dominance or asymmetry. Additionally, while the sample
size was sufficient to detect large effects based on power analysis,
the relatively small number of participants may limit the
generalizability of the findings. Furthermore, interpretation of
these results may be limited because the COD strategy would
differ depending on the task (approach distance or directed
angle), instruction, and the player’s skill level (10, 27). Despite
these limitations, the findings provide valuable insights for
practitioners to understand the performance of COD with
maximal effort in sports.

5 Conclusion

In a maximal effort 45° COD task, the EXE produced a greater
medial GRF impulse than the FOL, while COM speed remained
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relatively unchanged. However, the directional change during the
EXE (15.30°) reached only one-third of the required 45°. The
APP and FOL also contributed to the directional change, while
simultaneously increasing COM speed. These findings highlight
that completing a 45° COD task with maximal effort requires a
multi-step strategy, with continuous use of sidestep and
crossover-step maneuvers, rather than relying solely on the EXE.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Japan Institute
of Sports Sciences. The studies were conducted in accordance with
the local
participants  provided
participate in this study.

legislation and institutional

their

requirements. The

written informed consent to

Author contributions

DY: Conceptualization, Data curation, Formal analysis,
Methodology, Project
Validation,
Visualization, Writing - original draft, Writing - review &

Funding acquisition, Investigation,

administration, Resources, Software, Supervision,
editing. YIn: Investigation, Methodology, Project administration,
Validation, Writing — original draft, Writing — review & editing.
Methodology,

administration, Writing - original draft, Writing - review &

MA: Conceptualization, Investigation, Project

editing. YIt: Investigation, Writing — original draft, Writing -
review & editing, Supervision.

References

1. Bloomfield J, Polman R, O’donoghue P. Physical demands of different positions
in fa premier league soccer. J Sports Sci Med. (2007) 6:63-70.

2. Hader K, Palazzi D, Buchheit M. Change of direction speed in soccer: how much
braking is enough? Kinesiology. (2015) 47:67-74.

3. Sanders GJ, Boos B, Rhodes ], Kollock RO, Peacock CA, Scheadler CM. Factors
associated with minimal changes in countermovement jump performance
throughout a competitive division I collegiate basketball season. J Sports Sci. (2019)
37:2236-42. doi: 10.1080/02640414.2019.1626559

4. Koyama T, Rikukawa A, Nagano Y, Sasaki S, Ichikawa H, Hirose N. Acceleration
profile of high-intensity movements in basketball games. J Strength Cond Res. (2022)
36:1715-9. doi: 10.1519/JSC.0000000000003699

5. Mcgee KJ, Burkett LN. The national football league combine: a reliable predictor
of draft status? J Strength Cond Res. (2003) 17:6-11.

Frontiers in Sports and Active Living

10.3389/fspor.2025.1576614

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. This work was
supported by JSPS KAKENHI Grant 19K20003 and 23K10681.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fspor.2025.
1576614/full#supplementary-material

SUPPLEMENTARY FIGURE

Individual plots of center of mass (COM) direction and speed during each
flight phase. Each line represents data from a single participant. RUN,
straight running; COD45, 45° change of direction.

6. Gil S, Ruiz F, Irazusta A, Gil J, Irazusta J. Selection of young soccer players in terms
of anthropometric and physiological factors. J Sports Med Phys Fitness. (2007) 47:25-32.

7. Green BS, Blake C, Caulfield BM. A valid field test protocol of linear speed and
agility in rugby union. J Strength Cond Res. (2011) 25:1256-62. doi: 10.1519/JSC.
0b013e3181d8598b

8. Kimura K, Sakurai S. A sidestep cut preparation strategy decreases the external
load applied to the knee joint. Int J Sport Health Sci. (2013) 11:109-17. doi: 10.
5432/ijshs.201309

9. Jones PA, Dos’santos T, Mcmahon JJ, Graham-Smith P. Contribution of eccentric
strength to cutting performance in female soccer players. Journal of Strength and
Conditioning Research. (2022) 36:525-33. doi: 10.1519/JSC.0000000000003433

10. Havens KL, Sigward SM. Whole body mechanics differ among running and
cutting maneuvers in skilled athletes. Gait Posture. (2015) 42(3):240-5. doi: 10.
1016/j.gaitpost.2014.07.022

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fspor.2025.1576614/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fspor.2025.1576614/full#supplementary-material
https://doi.org/10.1080/02640414.2019.1626559
https://doi.org/10.1519/JSC.0000000000003699
https://doi.org/10.1519/JSC.0b013e3181d8598b
https://doi.org/10.1519/JSC.0b013e3181d8598b
https://doi.org/10.5432/ijshs.201309
https://doi.org/10.5432/ijshs.201309
https://doi.org/10.1519/JSC.0000000000003433
https://doi.org/10.1016/j.gaitpost.2014.07.022
https://doi.org/10.1016/j.gaitpost.2014.07.022
https://doi.org/10.3389/fspor.2025.1576614
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

Yamashita et al.

11. Vanrenterghem J, Venables E, Pataky T, Robinson MA. The effect of running
speed on knee mechanical loading in females during side cutting. J Biomech. (2012)
45:2444-9. doi: 10.1016/j.jbiomech.2012.06.029

12. Dos’santos T, Mcburnie A, Thomas C, Jones PA, Harper D. Attacking agility
actions: match play contextual applications with coaching and technique guidelines.
Strength Cond J. (2022) 44:102-18. doi: 10.1519/SSC.0000000000000697

13. Rovan K, Kugovnik O, Holmberg L], Supej M. The steps needed to perform
acceleration and turning at different approach speeds. Kinesiol Slov. (2014)
20:38-50.

14. Glaister BC, Orendurff MS, Schoen JA, Klute GK. Rotating horizontal ground
reaction forces to the body path of progression. J Biomech. (2007) 40:3527-32.
doi: 10.1016/j.jbiomech.2007.05.014

15. Glaister BC, Orendurff MS, Schoen JA, Bernatz GC, Klute GK. Ground reaction
forces and impulses during a transient turning maneuver. ] Biomech. (2008)
41:3090-3. doi: 10.1016/j.jbiomech.2008.07.022

16. Jones PA, Herrington L, Graham-Smith P. Braking characteristics during cutting
and pivoting in female soccer players. J Electromyogr Kinesiol. (2016) 30:46-54.
doi: 10.1016/j.jelekin.2016.05.006

17. Andrews JR, Mcleod WD, Ward T, Howard K. The cutting mechanism. Am
J Sports Med. (1977) 5:111-21. doi: 10.1177/036354657700500303

18. McKay AKA, Stellingwerff T, Smith ES, Martin DT, Mujika I, Goosey-Tolfrey
VL, et al. Defining training and performance caliber: a participant classification
framework. Int ] Sports Physiol Perform. (2022) 17(2):317-31. doi: 10.1123/ijspp.
2021-0451

19. Cohen J. Statistical Power Analysis for the Behavioral Sciences. 2nd ed. New York:
Routledge (1988).

20. Ash R. Coaching Football: Technical and Tactical Skills. Champaign, IL: Human
Kinetics (2006).

21. De Leva P. Adjustments to Zatsiorsky-Seluyanov’s segment inertia parameters.
J Biomech. (1996) 29:1223-30. doi: 10.1016/0021-9290(95)00178-6

22. Hunter JP, Marshall RN, Mcnair PJ. Segment-interaction analysis of the stance
limb in sprint running. J Biomech. (2004) 37:1439-46. doi: 10.1016/j.jbiomech.2003.
12.018

23. Hunter JP, Marshall RN, Mcnair PJ. Relationships between ground reaction
force impulse and kinematics of sprint-running acceleration. J Appl Biomech. (2005)
21:31-43. doi: 10.1123/jab.21.1.31

24. Condello G, Kernozek TW, Tessitore A, Foster C. Biomechanical analysis of a
change-of-direction task in collegiate soccer players. Int J Sports Physiol Perform.
(2016) 11:96-101. doi: 10.1123/ijspp.2014-0458

25. Dos’santos T, Mcburnie A, Thomas C, Comfort P, Jones P. Biomechanical
comparison of cutting techniques: a review and practical applications. Strength
Cond J. (2019) 41:40-54. doi: 10.1519/SSC.0000000000000461

26. Dos’santos T, Thomas C, Comfort P, Jones PA. Role of the penultimate foot
contact during change of direction: implications on performance and risk of injury.
Strength Cond J. (2019) 41:87-104. doi: 10.1519/SSC.0000000000000395

27. Dos’santos T, Thomas C, Comfort P, Jones PA. The effect of angle and velocity
on change of direction biomechanics: an angle-velocity trade-off. Sports Med. (2018)
48:2235-53. doi: 10.1007/s40279-018-0968-3

28. Rayner R, Young WB, Talpey SW. The agility demands of Australian football: a
notational analysis. Int J Perf Anal Sport. (2022) 22:621-37. doi: 10.1080/24748668.
2022.2106112

29. Young W, Dos’ Santos T, Harper D, Jefferys I, Talpey S. Agility in invasion
sports: position stand of the IUSCA. Int ] Strength Cond. (2022) 2(1):126. doi: 10.
47206/ijsc.v2i1.126

Frontiers in Sports and Active Living

08

10.3389/fspor.2025.1576614

30. Rand MK, Ohtsuki T. Emg analysis of lower limb muscles in humans during
quick change in running directions. Gait Posture. (2000) 12:169-83. doi: 10.1016/
$0966-6362(00)00073-4

31. Jindrich DL, Besier TF, Lloyd DG. A hypothesis for the function of braking
forces during running turns. J Biomech. (2006) 39:1611-20. doi: 10.1016/j.jbiomech.
2005.05.007

32. Suzuki Y, Ae M, Takenaka S, Fujii N. Comparison of support leg kinetics
between side-step and cross-step cutting techniques. Sports Biomech. (2014)
13:144-53. doi: 10.1080/14763141.2014.910264

33. Jackson RC, Warren S, Abernethy B. Anticipation skill and susceptibility to
deceptive movement. Acta Psychol (Amst). (2006) 123:355-71. doi: 10.1016/j.actpsy.
2006.02.002

34. Brault S, Bideau B, Craig C, Kulpa R. Balancing deceit and disguise: how to
successfully fool the defender in a 1 Vs. 1 situation in rugby. Hum Mov Sci. (2010)
29:412-25. doi: 10.1016/j.humov.2009.12.004

35. Fujii K, Shinya M, Yamashita D, Kouzaki M, Oda S. Anticipation by basketball
defenders: an explanation based on the three-dimensional inverted pendulum model.
Eur J Sport Sci. (2014) 14:538-46. doi: 10.1080/17461391.2013.876104

36. Mornieux G, Gehring D, Furst P, Gollhofer A. Anticipatory postural adjustments
during cutting manoeuvres in football and their consequences for knee injury risk.
J Sports Sci. (2014) 32:1255-62. doi: 10.1080/02640414.2013.876508

37. Byrne S, Lay B, Staynor J, Alderson J, Donnelly CJ. The effect of planning time
on penultimate and ultimate step kinematics and subsequent knee moments during
sidestepping. Scand J Med Sci Sports. (2022) 32:1366-76. doi: 10.1111/sms.14194

38. Kawamori N, Nosaka K, Newton RU. Relationships between ground reaction
impulse and sprint acceleration performance in team sport athletes. J Strength Cond
Res. (2013) 27:568-73. doi: 10.1519/JSC.0b013e318257805a

39. Rabita G, Dorel S, Slawinski ], Saez-De-Villarreal E, Couturier A, Samozino P,
et al. Sprint mechanics in world-class athletes: a new insight into the limits of
human locomotion. Scand ] Med Sci Sports. (2015) 25:583-94. doi: 10.1111/sms.12389

40. Besier TF, Lloyd DG, Cochrane JL, Ackland TR. External loading of the knee
joint during running and cutting maneuvers. Med Sci Sports Exerc. (2001)
33:1168-75. doi: 10.1097/00005768-200107000-00014

41. Dawes J, Roozen M. Developing Agility and Quickness. Champaign, IL: Human
Kinetics (2012).

42. Montgomery C, Blackburn J, Withers D, Tierney G, Moran C, Simms C.
Mechanisms of ACL injury in professional rugby union: a systematic video analysis
of 36 cases. Br ] Sports Med. (2018) 52:994-1001. doi: 10.1136/bjsports-2016-096425

43. Dos’santos T, Mcburnie A, Comfort P, Jones PA. The effects of six-weeks change
of direction speed and technique modification training on cutting performance and
movement quality in male youth soccer players. Sports. (2019) 7(9):205. doi: 10.
3390/sports7090205

44. Dos’santos T, Thomas C, Comfort P, Jones PA. The effect of training
interventions on change of direction biomechanics associated with increased
anterior cruciate ligament loading: a scoping review. Sports Med. (2019) 49:1837-59.
doi: 10.1007/s40279-019-01171-0

45. Frias Bocanegra JM, Fong DTP. Playing surface traction influences movement
strategies during a sidestep cutting task in futsal: implications for ankle
performance and sprain injury risk. Sports Biomech. (2022) 21:380-90. doi: 10.1080/
14763141.2021.1980606

46. Brechue WF, Mayhew JL, Piper FC. Equipment and running surface alter sprint
performance of college football players. J Strength Cond Res. (2005) 19:821-5.

47. Gains GL, Swedenhjelm AN, Mayhew JL, Bird HM, Houser JJ. Comparison
of speed and agility performance of college football players on field turf and
natural grass. J Strength Cond Res. (2010) 24:2613-7. doi: 10.1519/JSC.0b013e3181eccdf8

frontiersin.org


https://doi.org/10.1016/j.jbiomech.2012.06.029
https://doi.org/10.1519/SSC.0000000000000697
https://doi.org/10.1016/j.jbiomech.2007.05.014
https://doi.org/10.1016/j.jbiomech.2008.07.022
https://doi.org/10.1016/j.jelekin.2016.05.006
https://doi.org/10.1177/036354657700500303
https://doi.org/10.1123/ijspp.2021-0451
https://doi.org/10.1123/ijspp.2021-0451
https://doi.org/10.1016/0021-9290(95)00178-6
https://doi.org/10.1016/j.jbiomech.2003.12.018
https://doi.org/10.1016/j.jbiomech.2003.12.018
https://doi.org/10.1123/jab.21.1.31
https://doi.org/10.1123/ijspp.2014-0458
https://doi.org/10.1519/SSC.0000000000000461
https://doi.org/10.1519/SSC.0000000000000395
https://doi.org/10.1007/s40279-018-0968-3
https://doi.org/10.1080/24748668.2022.2106112
https://doi.org/10.1080/24748668.2022.2106112
https://doi.org/10.47206/ijsc.v2i1.126
https://doi.org/10.47206/ijsc.v2i1.126
https://doi.org/10.1016/S0966-6362(00)00073-4
https://doi.org/10.1016/S0966-6362(00)00073-4
https://doi.org/10.1016/j.jbiomech.2005.05.007
https://doi.org/10.1016/j.jbiomech.2005.05.007
https://doi.org/10.1080/14763141.2014.910264
https://doi.org/10.1016/j.actpsy.2006.02.002
https://doi.org/10.1016/j.actpsy.2006.02.002
https://doi.org/10.1016/j.humov.2009.12.004
https://doi.org/10.1080/17461391.2013.876104
https://doi.org/10.1080/02640414.2013.876508
https://doi.org/10.1111/sms.14194
https://doi.org/10.1519/JSC.0b013e318257805a
https://doi.org/10.1111/sms.12389
https://doi.org/10.1097/00005768-200107000-00014
https://doi.org/10.1136/bjsports-2016-096425
https://doi.org/10.3390/sports7090205
https://doi.org/10.3390/sports7090205
https://doi.org/10.1007/s40279-019-01171-0
https://doi.org/10.1080/14763141.2021.1980606
https://doi.org/10.1080/14763141.2021.1980606
https://doi.org/10.1519/JSC.0b013e3181eccdf8
https://doi.org/10.3389/fspor.2025.1576614
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

	Center of mass direction and speed during a 45-degree change of direction task performed with maximal effort
	Introduction
	Materials and methods
	Participants
	Procedures
	Data collection
	Statistical analysis

	Results
	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


