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Objective: This study aims to investigate the effects of transcranial direct current

stimulation (tDCS) on the neuromuscular control of penalty kicks in soccer

players. It also analyzes the relationship between neuromuscular control and

the stability of motor performance following the intervention.

Methods: Wireless surface electromyography (EMG) data were synchronously

collected from 20 national first-level athletes during penalty kicks using a

wireless EMG acquisition device. To obtain spinal-level motor output, the EMG

signal envelopes were inversely mapped to the α-motor neuron pools across

various spinal segments. Muscle synergy characteristics were analyzed using

non-negative matrix factorization and K-Means clustering.

Results: During the stance foot contact phase, tDCS led to more concentrated

and less variable activation of lower limb muscle synergy, enhancing control of

support and force transfer. In the kicking leg swing phase, muscle synergy was

activated earlier and decayed more rapidly, maintaining swing velocity and ball

striking accuracy while reducing energy expenditure. Additionally, anticipatory

synergy adjustments appeared before movement transitions, indicating

improved anticipatory action and adjustment capabilities after the intervention.

As a result, neuromuscular control optimized the spatiotemporal structure

of synergy, improving coordination and yielding more stable penalty

kick performance.

Conclusion: Transcranial direct current stimulation can enhance neuromuscular

control efficiency by optimizing spinal motor output and improving the

spatiotemporal structure of muscle synergy. This results in more stable and

effective kicking actions. Reasonably adjusting the timing of tDCS intervention

can help improve soccer players’ kicking performance.

KEYWORDS

soccer penalty kick, motor control, muscle synergy, transcranial direct current

stimulation (tDCS), non-negative matrix factorization (NMF)

1 Introduction

In soccer matches, penalty kicks play a crucial role. The implementation and design of

all offensive and defensive techniques and tactics ultimately aim to create scoring

opportunities and achieve goals (1). Therefore, performance during penalty kicks is a

key factor in determining whether a goal is scored (2). Elite athletes can improve the

accuracy of penalty kicks by optimizing their motor control strategies (3, 4).
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The regulation strategies for penalty actions during a match are

relatively diverse. Athletes not only need to maintain a moderately

uniform approach speed and stable step frequency (5, 6), but also

complete the transition from dynamic running to static kicking (7).

This poses significant challenges to neuromuscular regulation and

postural stability, requiring the central nervous system (CNS) to

coordinate the synergistic activity of multiple muscle groups

within a very short time. Under task constraints and

biomechanical limitations, the CNS must optimize

neuromuscular control strategies. Simultaneously, it needs to

integrate peripheral sensory input, continuously evaluate

deviations between actual and expected movements, and

promptly activate correction mechanisms (8). At present, most

research on soccer penalty kicks focuses on the biomechanical

characteristics of lower limb joints and muscles (9). Relevant

studies have found that high-level soccer players can improve the

efficiency of kinetic chain transmission in the swinging leg

during the approach by increasing the external rotation angle of

the hip joint and enhancing knee joint flexion stiffness in the

support leg (7). Li et al. (10) found that elite soccer players

facilitate rapid transition of movement states during penalty kicks

through pre-activation of the rectus femoris and gluteus

maximus muscles in the lower limbs. The specific skills and

experience accumulated through long-term training and

competition help athletes optimize their neuromuscular control

strategies during penalty kicks, thereby enhancing performance.

Transcranial direct current stimulation (tDCS) is a non-

invasive neuromodulation technique that modulates the

excitability of cortical neurons by applying low-intensity direct

current (typically 1–2 mA) to specific brain regions via electrodes

placed on the scalp (11). Anodal stimulation enhances neuronal

activity and promotes cortical excitability, while cathodal

stimulation has the opposite effect (12). In recent years, the

application of tDCS in the field of sports science has gradually

increased. Studies have shown that tDCS can improve

neuromuscular function, enhance motor learning efficiency, and

improve muscle coordination by stimulating motor-related brain

regions such as the primary motor cortex (M1) (13, 14). Related

research also indicates that tDCS has a positive impact on

strength output, endurance, motor control, and athletic

performance (15, 16). With the gradual application of

neuromodulation technologies in elite sports in recent years,

tDCS has been widely used to improve soccer players’

performance and recovery. In terms of motor skills, Moreira

et al. (17) applied anodal tDCS (2 mA, 20 min, for three

consecutive days) to the left dorsolateral prefrontal cortex of

professional players under simulated fatigue. The results showed

significant improvements in response speed and accuracy during

passing tasks, as well as enhanced subjective well-being.

Regarding cognitive function regulation, Qi et al. (18) stimulated

both the motor cortex and the prefrontal cortex under fatigue

induction, finding that M1 stimulation improved attention

performance. Gonçalves et al. (19) combined tDCS with

pneumatic compression therapy in professional male soccer

players, and evaluated the intervention using markers such as

creatine kinase levels, subjective recovery scores, and delayed-

onset muscle soreness. The results showed that the combined

intervention effectively reduced muscle damage and improved

subjective recovery. Although the above studies have confirmed

the potential value of tDCS from performance and cognitive

perspectives, further investigation is still needed to explore its

specific effects on motor generation mechanisms.

In fact, athletes’ biomechanical characteristics reflect the

interaction between the nervous system and the external

environment under task constraints and biomechanical

limitations (20, 21). Therefore, analyzing only the biomechanical

characteristics during the penalty phase cannot fully elucidate the

specific influence of tDCS on neuromuscular control strategies

(22). Thus, it is necessary to further explore the neuromuscular

control characteristics of soccer players with different skill levels

during penalty kicks under the effect of tDCS.

The central nervous system (CNS) plays a crucial role in

coordinating complex multi-muscle motor control and in

adapting neuromuscular control strategies during motor skill

acquisition (23). Analysis of surface electromyography (sEMG)

activity patterns following tDCS application has revealed that

tDCS can influence the recruitment of various muscle synergy

patterns by modulating motor cortex excitability—selectively

enhancing or suppressing muscle groups with specific activation

weights or timing characteristics. This suggests that the

adjustments in motor control under tDCS are dependent on the

dynamic plasticity mechanisms of the neuromuscular system

(24). By integrating the effects of neuromodulation with changes

in attentional strategies and embedding them into a few

coordination modules, it is possible to adapt module parameters

to meet specific motor task goals. This enables simplification and

efficient modulation of neuromuscular output patterns during the

control and optimization of complex kicking actions (25, 26).

Moreover, the neural control mechanism of penalty kicking is

the result of complex interactions between supraspinal CNS

structures, peripheral sensory feedback, and central pattern

generator (CPG) signals (27). The CNS, particularly the cerebral

cortex, is responsible for the planning and initiation of penalty

kick movements and transmits motor commands to the spinal

cord through descending pathways. Subsequently, these

commands are further refined at the spinal level, activating

specific pools of α-motoneurons that drive the contraction of

related muscles. Meanwhile, peripheral sensory feedback

mechanisms continuously monitor body status and

environmental changes, providing essential information to the

CNS for real-time adjustment of motor commands. The central

pattern generator at the spinal level coordinates the activation

sequence and timing of muscles, ensuring movement fluidity and

coordination. Ultimately, the activity patterns of α-motoneurons

at various spinal segments collectively reflect this complex neural

control process and directly drive the execution of the penalty kick.

Based on the aforementioned studies on motor control, this

study aims to investigate the effects of transcranial direct current

stimulation (tDCS) on neuromuscular control strategies during

soccer penalty kicks from the perspective of muscle synergies.

The study seeks to clarify the physiological significance of muscle

coordination during shooting and to analyze the spatiotemporal
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differences in muscle synergies between athletes of different skill

levels under the influence of tDCS.

2 Participants and methods

2.1 Participants

A total of 20 male national first-class soccer players were

recruited as participants in this study. The participants had an

average age of 18.52 ± 5.37 years, a height of 178.67 ± 5.52 cm,

and a body weight of 70.52±9.65 kg (Detailed information is

shown in Table 1: Basic Information of Subjects). All

participants were right-leg dominant and had no injuries to

key lower limb structures involved in motor performance

within six months prior to the test period, in order to

eliminate the potential influence of physical injuries on the

test results.

Before the commencement of the experiment, all

participants were informed in writing about the potential risks

and relevant safety guidelines associated with the test

procedures. Written informed consent was obtained from all

participants in both Chinese and English prior to their

participation. The intervention administered to the

participants was transcranial direct current stimulation

(tDCS), targeting the motor cortex. Following the stimulation,

participants were equipped with wireless surface

electromyography (sEMG) devices and performed three

penalty kick trials. This study protocol was approved by the

Ethics Committee of Wuhan Sports University and complies

with the ethical standards described in the Declaration of

Helsinki (Approval No. 2025101). Throughout the entire

intervention process, none of the participants reported any

discomfort or adverse reactions, indicating that the tDCS

protocol employed in this study demonstrated good safety and

tolerability among young athletes.

2.2 Experimental equipment

A 16-channel Delsys wireless surface electromyography

(sEMG) system (Delsys TrignoTM, USA; sampling frequency:

2000 Hz) was used to collect electromyographic data. Following

established protocols in related studies (28), wireless sEMG

sensors were accurately placed on the participants to record

muscle activity from 14 muscles involved in the kicking motion

of both legs. The selected muscles included: left vastus lateralis,

left rectus femoris, left vastus medialis, left biceps femoris, left

semitendinosus, left lateral head of the gastrocnemius, right

vastus lateralis, right rectus femoris, right vastus medialis, right

biceps femoris, right semitendinosus, and right lateral head of

the gastrocnemius.Simultaneous video recording was employed to

segment the movement phases, ensuring accurate temporal

alignment between the sEMG signals and the corresponding

motor actions.

Transcranial direct current stimulation (tDCS) was

administered using the Halo Sport headset (manufactured in the

USA), which contains three foam electrodes with an area of

24 cm2 each. The device delivered a 2 mA direct current across

the scalp, modulating the excitability of the motor cortices on

both sides of the head.

2.3 Experimental procedure

Prior to the formal testing, skin preparation was performed on

the lower limb muscles involved in the kicking motion. Hair was

removed and the skin was cleaned with alcohol before electrode

placement. Seven electrodes were affixed to each participant,

targeting the following muscles on both legs: vastus lateralis

(VL), rectus femoris (RF), vastus medialis (VM), biceps femoris

(BF), semitendinosus (ST), tibialis anterior (TA), and the lateral

head of the gastrocnemius (GL). Participants then completed a

5 min light jogging warm-up followed by dynamic stretching.

After full warm-up, participants performed free practice penalty

kicks using their preferred kicking leg to familiarize themselves

with the testing procedures. During formal testing, once the flash

synchronization signal of the recording system was triggered, all

participants used their right leg as the kicking leg and

maintained their habitual approach rhythm. Each participant

then completed three maximum-effort instep kicks using the

medial foot. The number of kicks was consistent before and after

the intervention. Wireless surface electromyography (sEMG) data

were synchronously recorded from the major lower limb muscle

groups, and this phase was segmented accordingly (29).

The tDCS intervention was administered using a transcranial

direct current stimulation device. Prior to stimulation, the

electrodes were moistened with saline solution to ensure

conductivity and proper device function. At the beginning of

stimulation, the current intensity was gradually increased over a

period of 30 s until reaching 2 mA, and was then maintained at

this level for 20 min. Within 5 min after the end of stimulation,

participants completed the kicking task to ensure that data

collection occurred during the effective period of the tDCS

intervention. The safety and feasibility of this specific tDCS

stimulation protocol and target region have been validated in

previous studies (30, 31).

TABLE 1 Table of basic information of subjects.

Indicator Value

Sex/Person

Male 20.00

Age/years 18.52 ± 5.37

Playing Position/person

Forward 10.00

Center forward 6.00

Defender 4.00

Years of training (years) 9.75 ± 2.13

Training frequency (sessions·week−1) 4.86 ± 0.92

Training duration (minutes·session−1) 104.58 ± 14.37
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2.4 Movement phase segmentation

Prior to testing, two high-speed cameras were positioned at the

front, side, and rear of the testing area, each placed 4 meters from the

participant. The optical axes of the two cameras were arranged at a

90-degree angle to each other to ensure comprehensive video capture

of the participant’s penalty kick motion from multiple perspectives.A

frame-by-frame video analysis method was employed (32) to

segment the kicking motion. The moment when the supporting

foot first made full contact with the ground during the approach

run was defined as the support foot touchdown (Figure 1A) (33).

The moment when the swinging foot made contact with the ball

was defined as the ball contact (Figure 1B). The continuous

motion of the swinging foot toward the target was defined as the

Swing Phase in progress (Figure 1C), and the moment when the

swinging foot landed back on the ground was defined as the end

of the kicking phase (Figure 1D) (34). The interval from support

foot touchdown to ball contact was defined as the Touch Ball

Phase (TC) (35), while the interval from ball contact to the

landing of the swinging foot was defined as the Swing Phase (SW)

(36). The durations of both the TC and SW phases were time-

normalized to 100% (Figure 1).

2.5 Data processing

Kinematic and surface electromyography (sEMG) data were

preprocessed using MATLAB (R2023a, MathWorks, USA). The

raw sEMG signals were sequentially processed using a 50 Hz high-

pass filter, full-wave rectification, and a 20 Hz low-pass filter to

construct the linear envelope features. All sEMG signals were then

normalized to the muscle activation amplitude recorded during

the individual’s maximum voluntary contraction (MVC) (28).

2.5.1 Spinal segmental motor output

Based on the method proposed by Rabbi et al. (38) and

utilizing the myotomal distribution map (39), the sEMG signals

from 14 muscles were mapped to the rostral and caudal

boundaries of the α-motoneuron (α–MN) pools within the

corresponding spinal segments. This approach was employed to

evaluate the overall motor output characteristics of the spinal

network during the penalty kick, allowing the activation patterns

of α–MN pools to be interpreted at the segmental level rather

than the individual muscle level. Despite anatomical variability in

myotomal distributions across individuals, such differences do

not affect the validity of the mapping relationship (40). The

motor output pattern of the MNs pool in each active spinal

segment Sj during the kicking motion was calculated using the

following equation (1):

Sj ¼

Pmj

i¼1

k ji

n
i

� EMGi

� �

Pmj

i¼1

k ji

ni

� � (1)

Where, mj represents the number of muscles innervated by the j-th

spinal segment, ni represents the number of spinal segments

corresponding to the i-th muscle, and kji is the weighting

coefficient of the i-th muscle in the j-th spinal segment (41).

According to the method of Cappellini et al. (42), the Sj

obtained from Equation (1) is multiplied by the number of MNs

in each segment (MNj) to normalize the output.

2.5.2 Muscle synergy extraction
The processed surface electromyography (EMG) signals were

subjected to matrix decomposition analysis using the traditional

Gaussian Non-negative Matrix Factorization (NMF) method to

obtain the characteristic patterns of muscle synergies. According

to the research by Esmaeili, S et al. (43) and Cui, C et al. (44),

the temporal dynamic features of the synergies are defined as

motor primitives, which are the parameters of the temporal

activation patterns within the synergy units. The spatial

distribution features of the synergies are referred to as motor

modules, which are the steady-state muscle group weighting

FIGURE 1

Segmentation of the two phases in penalty kicks. (A) Support foot touchdown, (B) Ball contact, (C) Swing phase in progress, (D) End of the kicking

phase—segmentation of the Two phases in penalty kicks [adapted from modern soccer (He, 2000)] (37).
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coefficients reflecting the spatial combination patterns within the

synergy units. Using NMF, the activation pattern matrix V of the

14 muscles was reconstructed to form Vr (Equation 2) (45):

V � Vr ¼ MP (2)

Through Non-negative Matrix Factorization (NMF), the activation

pattern matrix V of the 14 muscles is decomposed into Vr, where r

represents the number of muscle synergies obtained after

decomposition. The matrix M (m× r) is the motor module

matrix, which characterizes the relative weights of each muscle in

the r synergies. The matrix P (r × n) is the motor primitive

matrix, which describes the time-varying characteristics of the r

synergies. The matrices M and P together characterize the

muscle synergies involved in the kicking action. The iterative

update of NMF is based on the EM algorithm (Equation 3) (46):

Piþ1 ¼ Pi
MT

i V

MT
i VMiPi

Miþ1 ¼ Mi
V(Piþ1)

T

MiPiþ1(Piþ1)
T

8

>

>

<

>

>

:

(3)

According to the research framework of Santuz et al. (45), the

convergence condition was set such that the fluctuation of the

coefficient of determination R2 between the variable V and its

reconstructed value Vr was less than 0.01% over 20 consecutive

iterations. The quality of the reconstruction from Non-negative

Matrix Factorization (NMF) was quantitatively evaluated using

Variance Accounted For (VAF) to determine the optimal

number of synergies (Equation 4):

VAF ¼

 

1-
kV � Vrk

2

kV � Vk
2

!

� 100% (4)

The Variance Accounted For (VAF) indicates the variance-

explaining capability of the reconstructed matrix Vr for the

original data matrix V when the number of synergies ranges

from 1 to 12. By performing linear regression fitting on the

relationship curve between VAF and the number of synergies

and identifying the point with the greatest change in the slope of

the fitted curve (elbow point), the optimal number of synergies is

determined. The number of synergies corresponding to this point

provides the highest explanation of the original variance with a

relatively low number of synergies (47).

The K-Means algorithm was employed to conduct cluster

analysis on muscle synergies to obtain the overall synergy

characteristics of different groups of athletes and to identify

combined synergies. Combined synergies, which are composed of

two or more unit synergies, have not yet been fully elucidated in

terms of their functional roles and are associated with higher

energy metabolism. The proportion of combined synergies in the

overall synergy structure can reflect the degree of modular

organization of motor commands (48).

In addition, the co-activation index (CI) of antagonistic muscle

groups was calculated. The calculation of CI involves the average

activity levels of antagonistic muscle groups in the thigh (rectus

femoris RF and biceps femoris BF) and the lower leg (medial

and lateral gastrocnemius MG-LG and tibialis anterior TA), with

the formula as follows (Equation 5) (49, 50):

CI ¼
1

200

X

200

j¼1

EMGH(j)þ EMGL(j)

2
�
EMGL(j)

EMGL(j)

� �

(5)

Here, EMGH and EMGL refer to the activation levels of the

muscles with the highest and lowest activation, respectively,

within the antagonistic muscle groups after normalization (the

EMG activities of the 14 muscles have been normalized to their

maximum values). The co-activation index (CI) is calculated as

the average of 200 equidistant sampling points within the gait

cycle ( j = 1:200), to obtain the overall co-activation level across

the entire movement cycle. This method not only reflects the

relative activation intensity of antagonistic muscles at each

moment but also reveals the degree of co-contraction across the

entire cycle. According to this formula, a higher co-contraction

value indicates that both muscles are in a state of strong

activation simultaneously, while a lower co-contraction value

suggests that the activation of both muscles is weak or that there

is a discrepancy between the two, with one being strong and the

other weak (51).

2.6 Statistical analysis

Prior to data analysis, the Shapiro–Wilk test was used to assess

the normality of each variable. If the data met the assumption of

normal distribution (i.e., p > 0.05), a paired-samples t-test was

employed to compare spinal motor output characteristics during

penalty kicks among different soccer players after transcranial

direct current stimulation (tDCS), as well as to analyze the

effects of tDCS on muscle synergies. If the data did not conform

to normal distribution, the non-parametric Wilcoxon signed-rank

test was used instead. For effect size calculation, Cohen’s d was

reported when using the t-test, whereas r (Z/√n) was used for

non-parametric tests. For each comparison, the p-value, effect

size, and significance level (α = 0.05) were reported, and all

results were summarized in a statistical table for further analysis.

All statistical analyses were performed using MATLAB R2024b.

3 Results and analysis

3.1 Spinal segmental motor output
characteristics

Figure 2 illustrates the temporal and spatial distribution

characteristics of spinal segment motor output in soccer players

before and after the intervention. In Figure 2a, by comparing the

temporal characteristics of motor neuron (MNs) pool output in
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different spinal segments (S3, S2, S1, L5, L4) before and after the

intervention (black line and red line, respectively), noticeable

changes in the output timing after the intervention can be

observed. In particular, segments S1, L5, and L4 exhibit more

prominent changes, with the output timing of the L4 segment

notably shifted earlier. This may indicate that the intervention

had an impact on the activity of motor neurons in these segments.

Figures 2b,c present the output amplitude of MNs pools in

each spinal segment before and after the intervention,

respectively. Figure 2b shows the output amplitude prior to the

intervention, where the color scale from blue to red indicates low

to high output amplitude. It can be seen that the output

amplitude in segments S3 and S2 is relatively low, while that in

S1, L5, and L4 is relatively high. Figure 2c illustrates the post-

intervention output amplitude. Compared with Figure 2b, several

significant changes are observable. For instance, the output

amplitude in the S1 segment increases, with the color changing

from blue to yellow, indicating enhanced motor neuron activity

in this segment following the intervention. The output amplitude

in the L5 and L4 segments demonstrates more complex changes.

In the L5 segment, some regions show increased amplitude while

others show decreases, suggesting that the intervention may have

region-specific effects. The L4 segment shows a general increase

in output amplitude, with the color changing from blue to

yellow, indicating a significant enhancement of motor neuron

activity after the intervention.

In summary, spinal segment motor output in soccer players

exhibits significant enhancement in both temporal and spatial

characteristics after the intervention, particularly in segments L4

to S1. This may contribute to improved athletic performance and

muscle control capabilities.

3.2 Muscle co-activation index

Figure 3 illustrates the effects of transcranial direct current

stimulation (tDCS) intervention on the co-activation index (CI)

of 14 muscles in the left and right upper and lower legs of soccer

players. As shown in the figure, the CI values of all muscles

exhibited changes before and after the intervention; however,

these changes did not reach statistical significance (p < 0.05).

Specifically, the CI values of the right and left thighs slightly

decreased after the intervention, while the CI values of the right

and left lower legs showed an increase.

3.3 Muscle synergy characteristics

This study analyzed the temporal and spatial characteristics of

muscle synergies by comparing the penalty kick actions of 20 male

national first-class soccer players before and after the intervention.

As shown in Figure 4A, the seven muscle synergies (WSYN1–7)

exhibited certain regularities in their temporal structure prior to

the intervention. The timing and intensity of each motor

primitive were evenly distributed across different muscle groups,

indicating a natural state of muscle coordination during the

penalty kick. Specifically, within WSYN1–7, the activation

intensity of the muscle synergies varied over time but remained

generally stable overall.

Figure 4B presents the motor modules after the intervention, in

which a new synergy group, WSYN8, was introduced, and the

motor primitives were extended from H1 to H8. Compared to

the pre-intervention state, the post-intervention motor modules

showed more pronounced changes in muscle coordination.

Notably, in WSYN8, certain muscle groups, such as R-VM and

L-VL, exhibited significantly increased activation intensity,

indicating a more prominent role of these muscles during the

penalty kick. Furthermore, the temporal distribution of the post-

intervention motor primitives was more concentrated, reflecting

an optimization and adjustment in muscle coordination.

Through the analysis of the muscle synergy characteristics

during the penalty kick actions of 20 male national first-class

soccer players, it was evident that the intervention had a

significant impact on muscle coordination. After the intervention,

the players demonstrated a more optimized temporal and spatial

distribution of muscle synergies, particularly with enhanced

activation intensity in key muscle groups, which may contribute

to improved efficiency and accuracy in penalty kicks.

FIGURE 2

Characteristics of spinal segmental motor output. (a) Temporal characteristics of MNs pool output in each spinal segment (black line: before

intervention; red line: after intervention); (b) Output amplitude of MNs pools in each spinal segment before intervention; (c) Output amplitude of

MNs pools in each spinal segment after intervention.
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FIGURE 3

Muscle Co-activation Index. Figure 3 shows the effects of transcranial direct current stimulation (tDCS) on the co-activation index (CI) of 14 muscles in

the thighs and lower legs of soccer players. (A,B) Light blue bars (Right Thigh and Right Calf) represent the changes in CI values before and after

intervention. (C,D) Dark blue bars (Left Thigh and Left Calf) represent the changes in CI values before and after intervention. Error bars indicate

standard error, but differences before and after intervention did not reach statistical significance.

FIGURE 4

Muscle synergy characteristics. Figure 4 presents the muscle synergy characteristics. The green A region denotes the seven motor modules (defined as

WSYN1–7) of the pre-intervention muscle synergies; the green H1–H7 denote the motor primitives of the seven pre-intervention muscle synergies.

The post-intervention motor modules (defined as SSYN1–8) and the corresponding motor primitives (H1–H8) are shown in the blue B region. R-VL,

right vastus lateralis; R-RF, right rectus femoris; R-VM, right vastus medialis; R-BF, right biceps femoris; R-ST, right semitendinosus; R-GML, right

lateral head of gastrocnemius; L-VL, left vastus lateralis; L-RF, left rectus femoris; L-VM, left vastus medialis; L-BF, left biceps femoris; L-ST, left

semitendinosus; L-TA, left tibialis anterior; L-GML, left lateral head of gastrocnemius; R-TA, right tibialis anterior.
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3.4 Changes in muscle synergy cluster
centers

Table 2 describes the statistical results before and after the

intervention, while Figure 5 illustrates the integration of muscle

synergies during the soccer penalty kick, particularly in the TC

and SW phases. The figure reports the number (dimensionality)

of synergistic activations, the consistency of synergy vectors (C),

and the number of clusters determined by the K-means

clustering algorithm for each phase.

The results reveal that both phases recruited fourteen muscle

synergies. Matched synergies indicate a certain degree of

continuity between the TC and SW muscle patterns.

Nevertheless, some new synergies emerged in the TC phase,

suggesting that increased movement complexity activates

additional muscle patterns to accommodate kinematic variations.

Across the two phases, partially matched synergies exhibited

pronounced differentiation. For example, the broadly distributed

synergy in SW—characterized by co-activation of the quadriceps

and gastrocnemius—differentiated into more specific functional

modules that independently govern hip, knee, and ankle motions.

Newly recruited synergies were observed predominantly between

these two phases, reflecting heightened neuromuscular control

complexity under elevated task demands. From TC to SW,

muscle synergies demonstrated dual characteristics of decreasing

similarity and activation, alongside differentiation and

recruitment. Synergies in the TC phase provided a foundational

template for the SW phase, whereas the SW phase adapted to

more complex motor requirements through differentiation and

recruitment. Compared with TC, the SW phase necessitated a

larger number of synergies to coordinate rapid motor demands.

Figure 5 also presents the similarity indices of muscle synergies

during the penalty kick. Analyzing the correspondence of synergy

cluster centers revealed similarity values ranging from 0.82 to 0.98,

indicating that certain neural modules preserved relatively stable

muscle coordination across phase transitions. Specifically,

WSYN2–SSYN2 (0.96), WSYN3–SSYN3 (0.98), and WSYN5–

SSYN7 (0.94) maintained high consistency between phases,

suggesting their role as core stabilizing control modules

throughout the kick. Conversely, WSYN4 vs. SSYN8 exhibited

the lowest similarity (0.82), signifying substantial structural

reconfiguration during the transition from TC to SW.

Additionally, synergies marked by diagonal shading in the

clusters displayed significant changes pre- and post-intervention,

particularly involving R-VL, R-ST, L-VL, L-RF, L-ST, and R-TA,

indicating that these muscles assumed elevated control loads

across the two phases. The distribution of newly recruited

synergies overlapped substantially with these altered regions,

demonstrating that under increasing task intensity and refined

control requirements, the nervous system recruits novel muscle

synergy structures to enhance stability and controllability.

In summary, the significant alterations in muscle synergies

after intervention indicate differential effects across synergistic

modules. While some synergies retained their prominence post-

intervention, others underwent change, likely reflecting the

intervention’s specific influence on muscle synergy patterns.

4 Discussion

The present study, from the perspective of spinal segmental

output and muscle synergy, provides an in-depth analysis of the

effects of transcranial direct-current stimulation (tDCS) on the

neuromuscular control strategy underlying the soccer penalty

kick. The findings indicate that tDCS not only optimizes the

TABLE 2 Table of statistical results pre- and post-intervention.

Measure Synergy muscle p-value Effect Size
(η²/W)

R-VL 0.029* 0.28

R-RF 0.015* 0.38

R-VM 0.011* −0.43

R-BF 0.012* −0.74

R-ST 0.028* 0.63

WSYN2 VS

SSYN2

L-VL 0.024* −3.43

L-RF 0.003*** −0.90

L-BF 0.001*** 0.44

L-ST 0.013* −0.41

L-TA 0.011* 0.74

L-GLH 0.001*** −0.98

R-TA 0.031* 0.06

R-VM 0.005*** −0.48

R-BF 0.034* 0.44

WSYN3 VS

SSYN3

R-GLH 0.041* 0.47

L-VM 0.045* −0.47

R-VL 0.002*** −1.46

R-BF 0.019* 0.97

R-ST 0.039* 0.29

FWHM WSYN4 VS

SSYN8

L-VL 0.019* −0.46

L-RF 0.002*** −0.42

L-ST 0.043* −0.27

R-TA 0.018* −0.08

R-VL 0.039* 0.20

R-ST 0.025* −0.13

R-GLH 0.049* 0.09

L-VM 0.019* 0.13

WSYN5 VS

SSYN7

L-BF 0.011* −0.35

L-GLH 0.031* −0.11

R-TA 0.043* −0.79

R-VL 0.033* 0.36

R-VM 0.010* 1.22

R-GLH 0.018* 1.07

L-VM 0.011* −0.02

WSYN6 VS

SSYN6

L-ST 0.014* −0.57

L-TA 0.023* −1.02

R-TA 0.018* −1.07

R-VL 0.029* −0.81

R-RF 0.001*** 0.19

R-ST 0.020* 0.20

WSYN7 VS

SSYN5

L-BF 0.017* 0.92

L-ST 0.030* −0.80

R-ST 0.023* 0.57
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amplitude distribution of spinal α-motor-neuron (α-MN) pools

but also modulates the spatio-temporal structure and

coordination degree of lower-limb muscle synergies, thereby

promoting movement stability and transition efficiency between

the TC and SW phases.

We observed a post-intervention reduction in α-MN pool

output at the S3 segment and an increase at L4–S2. Specifically,

after the first foot–ground contact of the support leg during the

run-up, lower-limb muscles were rapidly recruited with

significantly elevated output, resulting in higher ball velocity. In

contrast, pre-intervention activation of the lower-limb

musculature across L4–S2 was relatively weak. These data suggest

that tDCS-mediated optimization of penalty performance is not

limited to the visual-aiming skills emphasized in previous studies

(52), but also encompasses flexible modulation of lower-limb

muscle activation magnitude. Indeed, such modulation is not

confined to the penalty task; Zhou et al. (53) demonstrated that

elite basketball athletes can redistribute relative activation

amplitudes between core and lower-limb muscles during rapid

cutting jump-shots to optimize joint loading and improve

shooting stability, implying that tDCS optimizes muscle

activation strategies mainly by shifting recruitment foci when

movement states change rapidly (54, 55). Furthermore, athletes

receiving tDCS exhibited significantly elevated muscle activation

in the L4–S2 region during the SW phase. The heightened

activity of the tibialis anterior and vastus lateralis during this

phase may enhance dynamic stability of the ankle and knee

joints, thereby facilitating stable foot placement of the support

leg. The pronounced output of the long head of the biceps

femoris within SW suggests that, post-intervention, athletes

achieved more effective hip-extension and knee-flexion control

during ball contact. These results likely signify improved sagittal–

frontal plane transition capacity and higher efficiency in lower-

limb synergistic control. The widespread activation of multiple

muscles during SW indirectly corroborates the view that tDCS

augments neuromuscular efficiency (56). Nevertheless,

quantitative relationships between specific SW-phase muscle

activation patterns and penalty accuracy remain to be elucidated.

As the number of penalty trials increases, the quantity of

muscle synergies in this complex movement typically rises and

may even differentiate into new synergies to accommodate task

complexity (57, 58). After tDCS intervention, athletes exhibited a

significant increase in the number of synergistic modules

compared with pre-intervention values. This outcome suggests

that the interaction between neuromuscular regulation and tDCS

fosters the emergence of novel synergy modules, thereby

enhancing movement flexibility and fine-motor control (59).

Correspondingly, post-intervention synergistic activation

displayed pronounced phasic and focal characteristics in the

temporal domain, whereas the spatial domain was characterized

by diverse and complementary co-activation patterns among key

muscles. Such synergy expansion likely represents an adaptive

mechanism to increased task context complexity and aligns with

the notion that “new skill acquisition is accompanied by synergy-

system reorganization” (60). Moreover, synergy reconstruction

may improve penalty accuracy and consistency, reflected by

reduced variability in kinematic parameters (61, 62).

Penalty kicks, as complex motor tasks executed under high-

pressure match conditions, demand exquisite neuromuscular

coordination. Although previous studies have examined multiple

factors influencing the overt features of soccer penalty

performance, the neuromuscular control strategies underlying

tDCS effects on penalty kicking remain poorly understood (63).

In the TC phase, athletes receiving tDCS predominantly recruited

FIGURE 5

Changes in muscle synergy cluster centers. In Figure 5, the centers of muscle synergies derived from K-means clustering are depicted, with green

denoting pre-intervention (six clusters labeled WSYN2–WSYN7) and blue denoting post-intervention (six clusters labeled SSYN2, SSYN3, SSYN5–

SSYN8). Cluster matching was performed based on the criterion of maximizing scalar product (i.e., C > 0.8), yielding moderate-to-good

correspondence among centers (C ranging from 0.82 to 0.98). The numbers of matched clusters from preparation to completion phases were 4,

3, and 3, respectively. Subject-specific clusters not included in the matching (i.e., synergies contributed by fewer than one-third of the subjects)

are indicated by gray shading, namely WSYN1, SSYN1, and SSYN4 (three in total) as shown in the figure. Additionally, the component values of

each muscle within every cluster were compared across groups (green and blue with diagonal lines denote p < 0.05, paired-samples t-test).
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lower-limb synergy modules 2 and 4, exhibiting lower activation

amplitudes and more concentrated rhythmicity, whereas the non-

stimulated group displayed multi-synergy engagement (modules

1, 2, and 4), particularly with pronounced high activation of the

rectus femoris and gastrocnemius. This discrepancy likely reflects

a more economical control strategy in the tDCS group that

balances stability maintenance and force-transmission efficiency

(64); conversely, the extensive activation of multiple synergies in

the control group may augment energetic cost and muscular

redundancy (65), potentially compromising stability of the

support phase prior to ball contact (7). During the SW phase,

the tDCS group was dominated by synergy module 3 for rapid

swing-leg motion, with a shorter activation duration, indicating a

refined recruitment strategy after stimulation. In contrast, the

control group concurrently recruited synergies 1 and 3, with

moderate-to-high activation of the iliopsoas and biceps femoris,

revealing large muscular-load discrepancies during the dynamic–

static transition. Such inconsistent control patterns may

introduce velocity fluctuation at the swing terminus, thereby

degrading accuracy and consistency (66). Thus, tDCS can

enhance dynamic coherence and movement efficiency between

support and swing phases by optimizing the synergistic control

architecture of lower-limb muscles.

Across TC and SW phases, the stimulated group exhibited

more concentrated and sequential synergy activation, further

supporting previous findings that tDCS improves lower-limb

neural control efficiency (67). In TC, stability and force-path

optimization were primarily achieved via synergies 2 and 4,

whereas in SW, rapid swing and ball control were balanced by

the early initiation and rapid decay of synergy 3. By contrast, the

control group displayed frequent synergy switching and large

activation fluctuations during TC, potentially compromising

control consistency and energetic efficiency (68). Furthermore,

synergy indices declined toward the end of SW, indicating

attenuated inter-synergy coordination characteristic of

anticipatory synergy adjustments (ASAs) (69). In the stimulated

group, ASAs appeared earlier and changed more rapidly,

suggesting that tDCS enhanced athletes’ anticipatory capacity

regarding impending action outcomes, thereby facilitating

temporal control and stability during penalty execution (70).

These data indicate that neural modulation not only optimized

the internal activation structure of individual synergies but also

improved inter-synergy coordination strategies, ultimately

enhancing stability and accuracy of the penalty kick (71).

Although the muscle co-activation index (CI) did not differ

statistically, the post-intervention upward trend in CI values for

the lower-leg musculature may imply tDCS-mediated modulation

of joint stability. Such fine-tuning between force output and

movement control provides a reference for future investigations

into the relationship between synergy efficiency and movement

precision. Synergy analysis revealed an increased number of

synergy modules and more focal temporal structures after tDCS,

accompanied by enhanced activation of key muscles such as

R-VM and L-VL, indicating more refined and efficient control

programming. Clustering of synergies demonstrated a transition

from a general template in TC to task-specific patterns in SW;

the overlap between newly recruited synergies and key muscle

regions suggests that tDCS facilitated adaptive reorganization of

the nervous system to complex movements. This synergy

reconstruction not only enhances penalty stability and

consistency but also underscores the potential of tDCS for

optimizing muscle coordination mechanisms.

In the present study, to explore the influence of transcranial

direct-current stimulation (tDCS) on the neuromuscular control

strategies of soccer players during penalty kicks, we adopted a

single-subject pre–post design without a control group. Although

most tDCS investigations employ double-blind, crossover, or

sham-stimulation controls to strengthen internal validity, studies

using single-subject, no-control designs exist. For instance,

Rembrandt and Riley (72), in a pilot study, applied a single-

session prefrontal tDCS without a control group and observed

immediate post-stimulus changes in cortical activity,

demonstrating that even in the absence of sham control, tDCS

effects on cortical activity can be revealed. This paradigm

provided methodological guidance for the current study,

especially in skill-oriented motor neuroscience contexts.

Nevertheless, the present design carries several non-negligible

limitations. The absence of a sham-stimulation control prevents

the complete exclusion of placebo effects, learning effects, or

other non-specific changes attributable to attention alone,

thereby weakening causal inference. Specifically, the lack of a

control group may lead to either overestimation or

underestimation of the true intervention effects. In the absence

of a control condition, observed improvements may be

attributable to psychological factors—such as placebo effects or

participants’ belief in the intervention (73)—rather than to

genuine physiological or neural changes. In addition, the

possibility of learning effects cannot be ruled out, whereby

participants may improve simply through repeated exposure to

the task (74). In addition, the possibility of learning effects

cannot be ruled out, whereby participants may improve simply

through repeated exposure to the task (75). This issue is

particularly relevant in complex motor tasks such as soccer

penalty kicks, where repeated trials may facilitate skill refinement

even in the absence of direct stimulation effects.Moreover, single-

session effects are often subject to substantial inter-individual

variability, which may be influenced by baseline status,

psychological motivation, circadian rhythms, and other factors—

an issue particularly pronounced in small-sample studies. For

instance, recent research on tDCS in sports has emphasized that

individual variability is a critical consideration, with some

athletes showing stronger responses to tDCS than others (76).

Furthermore, as the present study focuses on the soccer penalty

kick—a complex motor behavior involving coordinated

regulation across multiple cortical and spinal mechanisms—the

response observed in a single subject may not be generalizable to

a broader athletic population. To enhance interpretive power,

future research should aim to validate these preliminary findings

with larger samples, randomized controlled designs, and multiple

stimulation sessions. Future tDCS studies could further prioritize

task-specific neural modulation characteristics by selecting

individualized stimulation sites and parameter configurations to
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improve targeting and efficacy. The concurrent application of

multimodal techniques, such as neuroimaging and surface

electromyography, could facilitate the development of quantifiable

neuro–behavioral linkage models, thereby elucidating causal

pathways between stimulation mechanisms and performance

enhancement and exploring potential synergistic effects with skill

training, cognitive training, or other interventions. Advancing these

research directions is expected to provide a more robust theoretical

and empirical foundation for the scientific application of

transcranial direct-current stimulation (tDCS) in competitive sports.

5 Conclusion

Transcranial direct current stimulation (tDCS) an optimize the

spatio-temporal structure of spinal motor output and muscle

synergies, enhance neuromuscular control efficiency, and thereby

improve penalty-kick stability; appropriately adjusting the timing

of transcranial direct-current stimulation intervention can

facilitate improved penalty performance in soccer players.
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