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Lower limb muscle synergies
during deceleration at different
change of direction angles

Hongxiang Zhang¥*, Haoyang Wang*#, Huan Long?** & Xinyu Zhang?

Change of direction is a core technical action in many competitive sports such as football and
basketball, and it plays a crucial role in athletes’ performance. Deceleration, which is the foundation
of changing direction, has been proven to be a key element in athletes’ rapid directional changes .
This study collected electromyographic signals during the deceleration phase of a 45° and 90° left
change of direction in 16 male college football players, and analyzed their muscle synergies using
non-negative matrix factorization to extract key indicators such as the number of synergy modules and
muscle weights. The study found that two stable muscle synergy modules could be extracted during
the deceleration phase of both 45° and 90° changes of direction. synergy module 1 was dominated
by the biceps femoris, semitendinosus, and vastus lateralis; synergy module 2 was dominated by the
rectus femoris, vastus medialis, and tibialis anterior. When the change of direction angle increased
from 45° to 90°, the weight of the tibialis anterior in synergy module 1 significantly decreased
(P=0.029), and the weights of the vastus lateralis and biceps femoris in synergy module 2 significantly
increased (P=0.014 and P=0.049). Other synergy parameters (such as the time to peak activation, the
degree of synergy module activation, the proportion of obvious activation duration, overall activation
degree, and co-activation duration) showed no significant differences (P > 0.05). This indicates that
during deceleration in both 45° and 90° changes of direction, there are two stable muscle synergy
modules. synergy module 1 is dominated by the biceps femoris, semitendinosus, and vastus lateralis,
while synergy module 2 is centered around the rectus femoris, vastus medialis, and tibialis anterior.
These two elements are jointly responsible for deceleration, initial direction change, and joint stability
maintenance. As the change of direction angle increases, the human lower limb prioritizes enhancing
knee joint stability, at the expense of some ankle joint control. Therefore, targeted training should
focus on optimizing knee joint stability, strengthening the eccentric force of the hamstring muscles,
and improving dynamic control of the ankle joint.
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Change of direction (COD) is a core technical movement in many competitive sports, such as football and
basketball, and plays a crucial role in athletes’ performance. It requires athletes to quickly and accurately change
their direction of movement while maintaining body balance and stability at high speeds. Statistical data show
that football players can change direction more than 700 times in a single match!. Research indicates that the
ability to change direction is a key indicator distinguishing elite from sub-elite athletes?, and its quality directly
determines the effectiveness of breaking through, defending, and executing tactics in a game.

Deceleration, as one of the three phases of COD (acceleration, deceleration, and re-acceleration)®° ,has been
proven to be the foundation of athletes’ rapid COD®’. Rapid deceleration enables players to quickly transition to
other movements, thereby facilitating the success of both offense and defense®®. However, there are significant
differences in the deceleration strategies required for different COD angles. Larger COD angles typically require
longer deceleration distances, stronger braking capabilities!®, and higher levels of muscle activation!!. This
indicates that in training, precise training should be conducted according to the characteristics of different COD
angles to better meet the needs of athletes in various situations.

Current research on deceleration mainly focuses on horizontal deceleration!>!?, with insufficient attention
to deceleration in anticipated COD scenarios. Meanwhile, studies on COD primarily analyze the entire COD
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phase rather than the deceleration preparation phase, which is a component of the COD!!!. For instance, Falch
et al.!! investigated the changes in muscle activation and kinematic characteristics under different approach
distances and COD angles, but their research focus was not on the neuromuscular control mechanisms during
the deceleration phase. Pan et al.!* used non-negative matrix factorization (NMF) to study muscle synergies
during lateral cutting movements. However, their analysis unit was the entire stance phase, without specifically
focusing on the key deceleration step. These limitations in methodology and analytical perspective have led to
a lack of understanding of the neuromuscular control mechanisms during the deceleration phase in anticipated
COD situations, thereby restricting the scientific formulation of targeted training strategies.

Muscle synergy refers to the coordinated activation of groups of muscles, which allows the central nervous
system to control movement through a smaller number of core variables rather than individual muscles'>!¢. The
coordination and stability of movement depend on the regularity of the synergy modules'”. In tasks that require
instantaneous coordination of multi-joint braking, such as COD deceleration, muscle synergies are also affected
differently. Therefore, it is necessary to clarify the modular control characteristics of the central nervous system
and the changes in lower limb muscle synergies during deceleration at different COD angles.

Based on this, this study intends to use surface electromyography (SEMG) combined with the Non-negative
Matrix Factorization (NMF) method to investigate the muscle synergy characteristics during the deceleration step
under different anticipated COD angles. Referring to the findings of Falch et al.!, this study will primarily focus
on the differences in muscle synergy patterns during the deceleration step before speed-dominant directional
changes (45° and 90°). The research hypothesis is that 45° and 90° directional changes share common synergy
modules during the deceleration step but exhibit significant differences in the weightings of certain muscles and
their activation characteristics.

Materials and methods

Experimental participants

From April to May 2025, 16 male collegiate athletes were recruited at Wuhan Sports University (age
20.60+1.05year, height 179.60+3.94 cm, body mass 76.53+7.11 kg, 6-10 year training history, 3-5 sessions
wk ™!, 120 min ssession™'). All participants were right-leg dominant and had sustained no lower-limb injuries
that could affect performance in the six months preceding testing.

Prior to the testing, all participants were fully informed in writing about the potential risks and safety
guidelines related to the testing procedures and signed informed consent forms. Participants wore wireless
surface electromyography sensors and completed the 45° and 90° COD tests. The study protocol was approved
by the Ethics Committee of Wuhan Sports University (approval number: 2025101) and followed the ethical
guidelines of the Helsinki Declaration.

Experimental instruments

Wireless surface electromyography was recorded with the U.S.-made Delsys Trigno™ system. Following the
electrode-placement guidelines of Hermens et al.'%, wireless Surface Electromyography sensors were positioned
precisely on each participant. Consistent with previous work!®, signals were collected from the vastus lateralis
(VL), rectus femoris (RF), vastus medialis (VM), biceps femoris (BF), semitendinosus (ST), tibialis anterior
(TA), and gastrocnemius lateralis (GL) at a sampling frequency of 2,000 Hz.

A three-dimensional motion capture system (SIMIMO-TION, Germany) was employed. In this study, five
high-speed cameras were positioned around the COD area to record the athletes’ movements during the COD
process in order to identify the changes in the phases of the COD. After the test, the video data were imported
into the motion capture system analysis software and filtered using a Butterworth low-pass filter with a cutoff
frequency of 10 Hz*.

Experimental protocol

Prior to the test, the subjects are required to complete the following preparations: First, the electromyography
electrodes are attached. Then, a 5-minute jog is conducted to warm up, increase heart rate and body temperature.
Subsequently, a 5-minute dynamic stretching is performed to activate the muscle groups, enhance joint mobility,
and prevent sports injuries. After the warm-up, the subjects complete several practice trials at full speed to
familiarize themselves with the testing procedure.

The testing method was designed in reference to the experiments conducted by Falch et al.!! and Schreurs et
al.?! (see Fig. 1). The COD test included 45° and 90° left turns, which were primarily executed by the participants’
dominant foot (right foot). The specific procedure was as follows: Participants started from a standing position
with their front foot 20 centimeters away from the timing gate. They first sprinted 5 meters in a straight line, then
turned left, and finally sprinted another 5 meters to reach the finish line. Infrared timing gates were set at both
the starting point and the finish line to measure the time taken for the COD. Each direction was tested three
times, and the best trial was used for subsequent EMG analysis.Because different COD angles impose distinct
muscular loads'?, the order of these blocks was randomized across participants to eliminate sequence effects.
To prevent fatigue, participants were given adequate rest (5 min) between each trial block. The definition of the
deceleration phase in this study is based on gait definitions. Specifically, the deceleration phase is defined as a
braking gait cycle occurring before the plant step!!, analyzing the electromyographic (EMG) indicators from the
initial contact of the heel on the side opposite to the change of direction angle until the same heel contacts the
ground again, covering a complete gait cycle.

Data processing
The raw EMG signals were first processed with a band-pass filter of 10-500 Hz and then full-wave rectified. The
rectified signals were enveloped using a 4th -order low -pass Butterworth filter with a cutoff frequency of 10
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Fig. 1. Measurement setup and equipment placement.

Hz?2. Referring to previous research!?, the signals were normalized using their maximum values. The time axis
was normalized to the range of 0-100% by linear interpolation, making signals of different lengths comparable
in time?*. Surface electromyography (EMG) signals were collected from seven target muscles (VM, RE, VL,
BE ST, GL, TA) and processed to form a 7x101 -dimensional feature matrix E (where m = 7 represents the
number of muscles and n = 101 is the length of the time sequence) in the aforementioned order. Subsequently,
the non - negative matrix factorization algorithm®* (Formula 1) was applied to decompose this matrix into a
k - dimensional synergy matrix W representing muscle synergy patterns and an activation coefficient matrix
H reflecting temporal activation characteristics. The feature matrix E’(Formula 2) was reconstructed through
matrix multiplication (W x H) for subsequent analysis.

N
E=Y WiH+e, W;>0, H >0 (1)
=1
N
E’:ZWiHi, W; >0, H;>0 @)
i=1

Note: N is the number of muscle synergies, and e is the residual.
Subsequently, key synergy features were extracted from the original feature matrix E and its reconstructed
matrix E’ of muscle activation patterns. The specific analysis indicators and criteria are as follows:

(1) Number of muscle synergies involved: The variance accounted for (VAF) analysis method was used to com-
pare the variance and its rate of change between the reconstructed feature matrix E’ and the original matrix
E (Formula 3). The criterion for determining the number of synergies involved is a VAF value greater than
90%25—27.

VAP 1 S X (B = B)”

S (By)?

(2) Muscle Relative Weight. The contribution of muscles is derived from the decomposition of the original
matrix E, which can be used to compare the differences in muscle contributions within the same synergy
for different gait COD angles®.

(3) Time to Peak Activation of Muscle Synergies. The coefficient matrix H, which is decomposed from the orig-
inal matrix E, can reflect the activation intensity of each synergy. The time at which the activation intensity
of each muscle synergy reaches its peak is recorded?®.

(4) Activation Level of Muscle Synergies and Overall Activation Level. The coeflicient matrix H can also be
used to evaluate the muscle activation intensity of each synergy and the overall activation level of the syn-
ergy structure®. The activation level of each muscle synergy is defined as(Formula 4):

3)

n
1
E;(Activation Level) = - E H;; (4)
i=1
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Note: Hij is the element in the i-th row and j-th column of the activation coefficient matrix H, representing the acti-
vation intensity of the i-th muscle synergy at the j-th time point. n is the length of the time sequence.

(5) Duration of Significant Activation and Co-activation of Muscle Synergies. The duration of significant ac-
tivation of a muscle synergy refers to the length of time during which the activation level of a particular
muscle synergy exceeds 50% of its maximum activation level. Co-activation refers to the proportion of time
during which two or more muscle synergies are simultaneously in an activated state.

Statistical analysis

In this study, SPSS 21.0 software was used for statistical analysis. First, the K-means clustering algorithm was
applied to cluster the synergy modules before and after the experiment. Based on this, Pearson correlation
analysis (with a threshold set at r=0.6) was used to categorize the extracted synergy modules. Synergy modules
with 7 > 0.6 were grouped together to identify types of muscle synergies®!. In the analysis of differences before
and after the experiment, since the synergy modules participated by individuals were not entirely consistent
before and after the experiment, only the synergy modules that existed in both periods were selected for paired
analysis. The specific methods are as follows: First, the Shapiro-Wilk test was used for normality analysis. If the
data conformed to a normal distribution, paired sample t-tests were employed to compare the differences in
various indicators between the two groups; if the data did not conform to a normal distribution, the Wilcoxon
signed-rank test was used for comparison. The significance level for statistical analysis was set at P < 0.05, and
differences were considered statistically significant.The datasets generated during this study are available in the
Figshare repository: (DOI: https://doi.org/10.6084/m9.figshare.30092332.v1).

Results

Matrix decomposition results

In this study, non-negative matrix factorization was performed on the electromyographic signals of the
deceleration step for 45° and 90° change of direction sprints. Although there were significant differences in the
synergy weights between the two angles (P > 0.05), overall, two sets of synergy modules could be extracted
under both COD angles (see Figs. 2 and 3). Synergy 1 was dominated by the biceps femoris, semitendinosus,
and vastus lateralis, while Synergy 2 was dominated by the rectus femoris, vastus medialis, and tibialis anterior.

Matrix Decomposition ResultsWhen the Variance of Functional Activation (VFA) was greater than 90%, the
number of muscle synergy modules for the deceleration steps at 45° and 90° was mostly 2. When the number
of synergy modules was 3, the VFA of all individuals’ synergy modules was greater than 90% (see Fig. 4). There
was no significant difference in the number of synergy modules between different angles P > 0.05 (P>0.05).

Comparison of Synergy Parameters As the COD angle increased from 45° to 90°, significant changes were
observed in the muscle weightings across different synergy modules. In Synergy Module 1, the weighting of
tibialis anterior (TA) significantly decreased (45°: 0.460 + 0.252, 90°: 0.324 + 0.204, P = 0.029). In Synergy
Module 2, the weightings of both vastus lateralis (VL) and biceps femoris (BF) showed significant increases
(VL: 45° 0.203 £ 0.224, 90° 0.395 + 0.281, P = 0.014; BF: 45° 0.142 + 0.124, 90° 0.276 * 0.249, P = 0.049). The
weightings of the remaining muscles showed no statistically significant differences between the two COD angles
(P > 0.05) (see Table 1).

Although some muscles exhibited changes in their weights within the synergy modules across the two change
of direction angles, other synergy parameters, such as the time to peak activation, Activation Level of Synergy,
the proportion of Significant activation duration, the overall activation level, and the duration of co-activation,
showed no significant differences (P > 0.05) (see Table 2)
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Fig. 2. Synergy matrix W and activation coefficient matrix H for the 45° Deceleration.
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Fig. 3. Synergy matrix W and activation coefficient matrix H for the 90° Deceleration.
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Fig. 4. Variation of VFA values with the number of synergies at different angles.

Discussion

This study found that during the deceleration phase of both 45° and 90° COD maneuvers, two distinct muscle
synergy modules were consistently identified. This structural characteristic reflects the presence of a neurocontrol
template in anticipatory directional changes. The modular organization suggests that the central nervous system
employs predefined synergy templates, adapting to different COD demands by modulating activation timing
and intensity rather than reconstructing new synergy modules to optimize motor performance, which aligns
with the findings of Pan et al.'%on synergy patterns during various side-step cuttings.

Specifically, Synergy Module 1 was dominated by the biceps femoris (BF), semitendinosus (ST), and vastus
lateralis (VL), while Synergy Module 2 was primarily composed of the rectus femoris (RF), vastus medialis
(VM), and tibialis anterior (TA). As the COD angle increased from 45° to 90°, significant changes in muscle
weightings were observed during the deceleration step. At 90°, the weighting of the tibialis anterior (TA) in
Synergy Module 1 significantly decreased (P = 0.029). In Synergy Module 2, the weightings of the vastus lateralis
(VL) and biceps femoris (BF) showed significant increases (P = 0.014 and P = 0.049). In contrast, no significant
differences were found in other synergy parameters, such as time to peak activation and co-activation duration.
Notably, the integration of anatomically antagonistic muscles such as the biceps femoris (BF) and vastus
lateralis (VL) within the same synergy module demonstrates a distinct muscle co-activation pattern during
COD maneuvers. This pattern serves as a crucial neural control strategy, closely associated with regulating
joint stiffness, maintaining postural stability, and optimizing energy efficiency®>>. Therefore, while this study
provides evidence for understanding the efficient and stable synergy modules control strategies employed by
the central nervous system during rapid deceleration in directional changes, the specific mechanisms warrant
further investigation through biomechanical modeling and analysis of neural drive signals.

When the COD angle increased, corresponding adjustments were observed in the muscle synergy patterns.
During 90° COD maneuvers, the demand for hip and knee joint moments surged significantly. This study found
a notable reduction in the weighting of the tibialis anterior (TA) within Synergy Module 1 (P=0.029). This
phenomenon suggests that under larger COD angles, the central nervous system may temporarily reduce resource
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Synergy type | Muscle | 45° (Mean+SD) | 90° (Mean+SD) | Statistic | P-value | Effect size
VL 0.544+0.274 0.416+0.320 1.686 0.111 0.409
RF 0.185+0.168 0.182+0.237 -0.8282 0.431 0.191°
VM 0.307+0.244 0.351£0.251 -0.719 0.483 0.174

Synergy 1 BF 0.748+0.207 0.661£0.252 1.146 0.269 0.278
ST 0.771+0.125 0.712+0.260 1.035 0.316 0.251
TA 0.460+0.252 0.324+0.204 2.398 0.029* 0.582
GL 0.279+0.225 0.354+0.280 -0.831 0.419 0.201
VL 0.203+0.224 0.395+0.281 -2.815 0.014* 0.727
RF 0.773+0.244 0.707+0.256 0.786 0.445 0.203
VM 0.537+0.216 0.628+0.258 —-0.341* | 0.762 0.078>

Synergy 2 BF 0.142+0.124 0.276+0.249 -2.160 0.049* 0.558
ST 0.064+0.051 0.115+0.129 -1.420 0.178 0.367
TA 0.745+0.210 0.811£0.125 -0.898 0.384 0.232
GL 0.263+0.254 0.337£0.263 -0.693 0.500 0.179

Table 1. Muscle synergy analysis for 45° and 90° change of direction sprints. The table presents the mean
and standard deviation (Mean+SD) of muscle activation levels for two different change of direction angles
(45° and 90°) and their corresponding P values, effect sizes, and other data. * indicates P < 0.05; in the
statistic column, ® represents the z-value, while the others are t-values; in the effect size column, ® represents
the r-value, while the others are Cohen’s d

Indicator Synergy | 45° (Mean+SD) | 90° (Mean+SD) | Statistic | P-value | Effect size

Synergy 1 | 56.588+37.919 51.353+35.965 0.480 0.639 0.116
Time to peak activation

Synergy 2 | 44.067+20.509 41.533+22.687 0.382 0.708 0.099

Synergy 1 | 0.413+0.069 0.403+0.052 0.696 0.496 0.169
Activation level of synergy

Synergy 2 | 0.406+0.067 0.424+0.068 -0.867 | 0.400 0.224

Synergy 1 | 34.000+11.689 38.647+13.191 -1.523 0.147 0.369
Proportion of significant activation duration

Synergy 2 | 36.267+14.295 36.067+13.414 -0.625* |0.826 0.057°
Overall synergy activation level N/A 0.403+0.058 0.412+0.049 -0.832 | 0.418 0.208
Co-activation duration N/A 5.750+6.137 5.688+6.041 0.026 0.980 0.007

Table 2. Differences in synergy parameters. This table outlines the differences in various synergy parameters
for 45° and 90° change of direction sprints, including the mean and standard deviation (Mean+SD) of the
parameters and their corresponding P values, effect sizes, and other data. N/A: Not applicable; in the statistic
column, ® represents the z-value, while the others are t-values; in the effect size column, b represents the
r-value, while the others are Cohen’s d

allocation for ankle joint control. Future research could integrate techniques such as electroencephalography
(EEG) to further validate the adaptive mechanisms of neural control strategies.

The quadriceps serve as a key muscle group during the deceleration phase of COD maneuvers!®*, with their
neuromuscular control patterns demonstrating significant alterations as the COD angle increases. Havens et
al.*® found that the deceleration demands during 90° COD are not uniformly distributed across all joints, but
rather place greater emphasis on the knee joint . During deceleration, the knee joint is subjected to increased
shear forces and torsional moments, with anterior shear forces also rising correspondingly®. Hader et al.!®
further confirmed that the vastus lateralis exhibits greater muscular activity during sharper COD maneuvers. At
90° COD, generating greater lateral center of mass-center of pressure distance and subsequent lateral propulsion
requires increased hip abduction®¥, which redirects the force vector more laterally relative to the knee joint
center>>3® and potentially elevates knee abduction moments. Based on this context, the current study proposes
that the significant increase in the weighting of the vastus lateralis (VL) within Synergy Module 2 primarily
serves a dual requirement for knee joint stability: it must enhance the knee extension moment to counteract
greater centrifugal loads, while simultaneously modulating the abduction moment to balance the increased knee
valgus tendency resulting from lateral displacement of the center of mass. However, the above interpretation still
requires future validation through integration with actual biomechanical data (such as lower limb kinematics,
kinetics, and joint moments).

Numerous training studies have demonstrated that enhancing hamstring strength can effectively improve
COD performance®%. For example, Siddle et al.*! found that six weeks of Nordic hamstring curl (NHC) training
simultaneously improved COD speed and reduced injury risk; Adigiizel et al.*? also reported that an eight-week
NHC program led to an 8% improvement in COD capacity. These long-term training benefits underscore the
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fundamental role of the hamstrings in COD movements. The observed increase in biceps femoris (BF) activation
during 90° COD in this study further confirms the central functional importance of the hamstrings: it indicates
that the nervous system immediately upregulates hamstring recruitment when confronting greater deceleration
loads and stability demands.

During the 90° COD test, the observed significant reduction in tibialis anterior (TA) weighting within
Synergy Module 1% warrants attention. As a primary ankle dorsiflexor, diminished TA activation may
compromise dynamic foot stability during the deceleration phase*?, consequently elevating the risk of ankle
inversion injuries. Therefore, in COD training, it is necessary to specifically strengthen the control ability of the
ankle joint in deceleration scenarios, such as combining dorsiflexion eccentric training with an unstable surface.

In the COD movement, athletes must rapidly decelerate their body’s momentum after high-speed sprinting
before promptly reaccelerating. In this process, the eccentric contraction capacity of synergistic muscle groups
such as the hamstrings, gluteus maximus, and soleus becomes the fundamental guarantee for deceleration
efficiency and knee joint stability*!. Among these, the hamstrings, as one of the core synergistic muscle groups,
together with the gluteus maximus and soleus, form a mechanical buffer system that counteracts body inertia*,
with eccentric strength serving as the key factor ensuring both deceleration performance and knee stability.

From the perspective of neuromuscular control, the activation pattern of the hamstring muscles has a
significant impact on knee joint stability. Studies have confirmed that the strength ratio of the hamstrings to the
quadriceps is a core indicator for reducing the risk of secondary ACL injuries*”. When the knee joint approaches
full extension, the shear force on the ACL reaches its peak, significantly increasing the risk of injury?. The
hamstrings can generate a posterior moment, which can create a mechanical balance with the quadriceps.
This co-activation pattern helps maintain the dynamic stability of the knee joint*” . Therefore, in deceleration
training, it is necessary to strengthen the co-working ability and eccentric contraction ability of the core muscle
groups (hamstrings, quadriceps, etc.) in different angle COD scenarios (such as Nordic hamstring training*®),
to meet the needs of turning.

Although this study initially revealed the impact of change-of-direction angles on the lower limb muscle
coordination patterns during deceleration, several limitations still exist. First, the study only compared two
change-of-direction angles, 45° and 90°, and did not cover other angles or more complex multi-gait cycle
deceleration scenarios. Therefore, the generalizability of the conclusions needs further validation. Second, the
sample size was limited (n=16), and the differences in neuromuscular control strategies among individuals may
have had some impact on the stability of the overall results. In terms of statistical analysis, this study did not
perform statistical correction for multiple comparisons. Although this was based on the exploratory nature of the
study to avoid missing potentially meaningful findings due to excessive correction, it may have increased the risk
of Type I errors (false positives). Therefore, the significant differences reported in the text (especially those with
P values close to 0.05) should be regarded as preliminary evidence, and their robustness needs to be confirmed
by subsequent larger-sample validation studies. In addition, regarding electromyography collection, this study
only placed a single pair of electrodes in the middle segment of each muscle. Although this is in line with
the conventional operation specifications of surface electromyography, it cannot reflect the functional zoning
phenomena caused by differences in fiber orientation, activation timing, and motor unit recruitment strategies
in the proximal and distal parts of the same muscle. In recent years, studies on muscle regional differences
by Sahinis et al.*” and on functional zoning of the semitendinosus muscle®® have indicated that this spatial
heterogeneity of muscles may affect the interpretation of muscle synergies. Therefore, single-point recording
may underestimate the true neuromuscular control strategies. In future studies, it is necessary to use high-
density surface EMG or multi-site synchronous acquisition technology to more comprehensively and accurately
characterize the overall muscle synergy features®!.

Conclusion

This study, through comparative analysis of the muscle synergy patterns during deceleration steps in 45° and
90° COD sprints, has revealed the adaptive regulatory mechanisms of the nervous system in response to different
turning requirements. The findings are as follows: 1) In both COD angles, two stable muscle synergy modules were
identified. Synergy 1 was dominated by the biceps femoris, semitendinosus, and vastus lateralis, while synergy 2
was centered on the rectus femoris, vastus medialis, and tibialis anterior. These modules collectively contribute
to deceleration, initial direction change, and joint stability maintenance. 2) As the COD angle increased from
45° t0 90°, the weight of the tibialis anterior (TA) in synergy module 1 significantly decreased, while the weights
of the vastus lateralis (VL) and biceps femoris (BF) in synergy module 2 significantly increased. This change
reflects that the nervous system, in response to the higher deceleration demands, strengthens knee joint stability
while relatively reducing ankle joint control.3) During 90° changes of direction, the risk of ACL injury increases
and ankle joint stability decreases. Therefore, targeted training should focus on: optimizing knee joint stability;
strengthening the eccentric power of the hamstrings; and enhancing dynamic control of the ankle joint.

Data availability
The results of this study have been deposited in the Figshare database. The website is: https://doi.org/10.6084/m
9.figshare.30092332.v1
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