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Abstract 
The instep kick is a frequently performed, high-load soccer skill 
that requires precise intermuscular coordination around ball con-
tact. This study compared time-frequency activation patterns be-
tween elite and amateur male soccer players across two kicking 
phases and identified the key time windows and dominant muscle 
contributions. Surface electromyography was recorded from 
seven muscles of the kicking leg in 15 elite and 15 amateur play-
ers: rectus femoris, vastus medialis, vastus lateralis, biceps femo-
ris, tibialis anterior, medial gastrocnemius, and lateral gas-
trocnemius. The instep kick was divided into Phase 1, from max-
imum hip extension to ball contact, and Phase 2, from post-con-
tact follow-through to maximum hip flexion. Morlet wavelet 
analysis was used to generate time-frequency intensity maps. 
Global principal component analysis was then performed to ex-
tract PC1 to PC6, and between-group differences in PC score tra-
jectories were assessed using SPM1D independent-samples t 
tests, with significance evaluated under a Bonferroni adjusted 
threshold for the 12 PC phase comparisons. In Phase 1, PC3 
showed a significant between-group difference at 54 - 75% of the 
normalized time (peak t = 7.62, p < 0.001, Hedges’ g = 2.96), with 
higher scores in the elite group. In Phase 2, PC1 differed signifi-
cantly between groups at 60 - 70% of the normalized time (peak 
t = -9.88, p < 0.001, Hedges’ g = -2.03), with higher scores in the 
amateur group. Elite players showed a more temporally focused 
pre-contact activation pattern centered on mid-frequency compo-
nents of the biceps femoris, whereas amateur players showed 
greater reliance on higher-frequency components of the medial 
gastrocnemius during the post-contact follow-through. These 
findings suggest that skill-level differences are expressed as 
phase-specific redistribution of muscle and frequency-band activ-
ity within critical time windows, rather than as a simple global 
difference in activation magnitude. 
 
Key words: Soccer, instep kick, electromyography, frequency, 
muscle activation. 

 
 

Introduction 
 
The instep kick is a frequently performed, high-load soccer  

skill that requires rapid and coordinated activation of mul-
tiple lower-limb muscles (Zhang et al., 2025). During this 
standardized kicking task, the kicking limb undergoes a 
high-speed swing, brief ball contact, and rapid post-contact 
follow-through. These movement demands require coordi-
nated regulation of swing acceleration, joint stability, an-
kle-foot positioning, and follow-through control before and 
after ball contact (Peacock and Ball, 2018; Kellis and Ka-
tis, 2007). Therefore, the instep kick provides an appropri-
ate task for examining phase-specific neuromuscular acti-
vation patterns of the kicking leg. The present study exam-
ined the time-frequency characteristics of surface electro-
myography (sEMG) signals during a standardized instep 
kicking task, with particular attention to how lower-limb 
muscle activity is organized from maximum hip extension 
through ball contact and during the subsequent follow-
through (Brophy et al., 2007). 

The instep kick can be functionally divided into two 
phases with distinct neuromuscular control demands. The 
pre-contact phase, from maximum hip extension to ball 
contact, reflects preparation and acceleration of the kicking 
limb, during which proximal-to-distal coordination is re-
quired to transfer segmental momentum toward the foot. 
During this sequence, the quadriceps muscles, including 
the rectus femoris, vastus medialis, and vastus lateralis, 
contribute to knee extension and forward acceleration of 
the kicking limb, whereas the biceps femoris may assist in 
hip extension, knee flexion control, and limb deceleration 
around ball contact. Distal muscles, including the tibialis 
anterior and the medial and lateral gastrocnemius, contrib-
ute to ankle-foot positioning, foot stiffness, and post-con-
tact regulation. In contrast, the post-contact follow-through 
phase, from ball contact to maximum hip flexion, reflects 
the regulation of residual limb momentum and stabilization 
after impact. Therefore, separating the instep kick into 
these two phases enables the analysis to distinguish neuro-
muscular activation patterns associated with pre-contact 
preparation from those associated with post-contact regu- 
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lation, rather than treating the entire kicking action as a sin-
gle homogeneous movement. 

At the neuromuscular level, surface electromyogra-
phy (sEMG) provides information that cannot be directly 
captured by joint kinematics, including when a muscle is 
activated, how long activation is sustained, the intensity of 
its contribution, and how different muscles interact through 
synergistic or antagonistic regulation across movement 
phases (Bansal et al., 2011). By characterizing the timing 
and magnitude of muscle activity, sEMG is essential for 
understanding neuromuscular control during motor execu-
tion (Beck et al., 2012). However, EMG amplitude should 
not be interpreted as a direct equivalent of mechanical out-
put, because previous time-resolved EMG evidence from 
dynamic jumping tasks has shown that improved mechan-
ical performance may occur without proportional increases 
in lower-limb EMG activity (Kovács et al., 2023). In addi-
tion, shooting is a typical nonstationary process in which 
EMG signals vary rapidly over time, and their spectral con-
tent may change dynamically in response to contraction 
mode, mechanical conditions, and movement-related acti-
vation demands. Conventional time-domain metrics, such 
as root mean square (RMS) and integrated EMG (iEMG), 
may conflate brief activation bursts with sustained activa-
tion, whereas global frequency-domain indices, such as 
mean frequency (MNF) and median frequency (MDF), are 
insufficient to fully capture the time- and frequency-de-
pendent structure of muscle activation during fast skill-
based movements (von Tscharner, 2000; Farina et al., 
2004). For example, two kicks may show similar RMS val-
ues in a given muscle, while one signal contains a brief 
high-frequency activation burst before ball contact and an-
other shows a more prolonged lower-frequency activation 
pattern during follow-through. Time-frequency analysis 
provides a methodological basis for addressing these limi-
tations. In particular, the continuous wavelet transform 
(CWT) is well suited to nonstationary signals such as EMG 
and has become increasingly important in EMG research. 
It enables simultaneous characterization of instantaneous 
features in both the time and frequency domains, thereby 
offering greater physiological and functional interpretabil-
ity (Di Nardo et al., 2022; Shi et al., 2025; Frère, 2017). 

In soccer and other dynamic sport tasks, EMG time-
frequency analysis has attracted increasing attention be-
cause it can characterize transient changes in muscle acti-
vation that may not be captured by discrete amplitude or 
global frequency metrics alone. Previous studies have used 
time-frequency approaches, including the continuous 
wavelet transform and wavelet-based intensity measures, 
to examine lower-limb EMG characteristics during run-
ning, cutting, and sprinting. These studies have reported 
task- and phase-dependent differences in activation timing 
and spectral distribution across specific movement inter-
vals (Shi et al., 2025; Di Nardo et al., 2022). However, 
these findings may not directly transfer to the instep kick 
because running and sprinting are cyclic locomotor tasks, 
and cutting is dominated by stance-phase braking and di-
rection change, whereas the instep kick is a rapid, non-cy-
clic kicking action involving a high-speed swing, brief ball 
contact, and post-contact follow-through. The instep kick 
requires rapid intermuscular coordination of the lower 

limb, and muscle activation may show phase-dependent 
changes in both timing and spectral distribution around ball 
contact. In this context, wavelet-derived frequency-band 
characteristics should be interpreted as descriptive features 
of the recorded EMG signal rather than as direct evidence 
of performance mechanisms. Such features may help char-
acterize how muscle activation is organized across time 
and frequency during a standardized kicking task, but they 
do not directly indicate goal success, shooting accuracy, 
movement economy, or superior competitive performance. 
Therefore, the present study used time-frequency analysis 
to examine phase-specific EMG activation patterns and to 
determine whether these patterns differed between elite 
and amateur players. 

Conventional short-time Fourier transform methods 
are constrained by a fixed window length and may there-
fore be limited in their ability to resolve rapid changes in 
EMG signals during short movement phases. In contrast, 
the wavelet transform provides a multiresolution represen-
tation, with better frequency resolution at lower frequen-
cies and better time resolution at higher frequencies, mak-
ing it suitable for examining nonstationary EMG signals 
during fast sport movements (Torrence and Compo, 1998; 
Mallat, 1989). This methodological advantage allows 
wavelet-based analysis to describe short-duration changes 
in EMG time-frequency structure during the instep kick, 
including changes in energy distribution across frequency 
bands and time windows. It therefore provides descriptive 
information about phase-specific differences in lower-limb 
muscle activation patterns between elite and amateur play-
ers. Applying time-frequency analysis to soccer shooting is 
well matched to the task demands because key neuromus-
cular adjustments may occur within brief, phase-dependent 
time windows around ball contact. The late pre-contact pe-
riod may involve ankle-foot positioning and coordinated 
regulation of the kicking limb, whereas the post-contact 
follow-through period may involve regulation of residual 
limb motion and continued intermuscular coordination 
(Kellis and Katis, 2007; Brophy et al., 2007; Rabello et al., 
2022). These transient dynamics are difficult to character-
ize using discrete EMG metrics alone. Accordingly, phase-
specific time-frequency analysis provides a suitable ap-
proach for examining whether systematic differences in the 
temporal and frequency-band organization of lower-limb 
muscle activity exist between elite and amateur players, de-
termining in which phase they emerge, and identifying the 
muscles and frequency bands that contribute most strongly 
to the observed EMG patterns. 

In summary, this study aimed to examine phase-
specific time-frequency activation patterns of lower-limb 
muscles during a standardized instep kick in elite and am-
ateur soccer players. Surface electromyography signals 
from seven muscles of the kicking leg were analyzed using 
Morlet wavelet transformation, global principal compo-
nent analysis, and SPM1D. PCA was used to reduce the 
high-dimensional muscle × frequency × time structure of 
EMG activity into a smaller set of common multimuscle 
time-frequency activation patterns. The resulting PCA-
derived score trajectories allowed between-group differ-
ences to be tested across normalized movement time using 
SPM1D. In interpreting the wavelet-derived features, 
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lower-frequency components were considered to reflect 
slower or more sustained changes in EMG intensity, mid-
frequency components were considered to represent the 
main EMG power distribution during task-related activa-
tion, and higher-frequency components were considered to 
reflect brief and rapidly changing EMG activity. These fre-
quency components were interpreted as descriptive spec-
tral features of the recorded EMG signal rather than as di-
rect indicators of motor unit recruitment or performance 
mechanisms. Based on the functional roles of the measured 
muscles, the biceps femoris was expected to contribute to 
pre-contact hip-knee control and limb deceleration around 
ball contact, whereas the medial gastrocnemius was ex-
pected to contribute to ankle-foot regulation and post-con-
tact follow-through control. We hypothesized that elite and 
amateur players would exhibit different PCA-derived PC 
score trajectories during the pre-contact phase, from maxi-
mum hip extension to ball contact, and during the post-con-
tact follow-through phase, from ball contact to maximum 
hip flexion. The muscle and frequency-band contributions 
to any significant PC score differences were subsequently 
interpreted based on the PCA loadings and SPM1D results. 
 
Methods 
 
Participants 
The required sample size was estimated a priori using 
G*Power 3.1 (Franz Faul, Germany) (Faul et al., 2009). 
Because no established effect size is available for wavelet- 
based PCA and SPM1D analyses of EMG time-frequency 
patterns during soccer instep kicking, the calculation was 
based on an independent-samples comparison between two 
groups and assumed a large standardized effect size (Co-
hen’s d = 1.06). The test family was set to t tests, and the 
statistical test was set to means: difference between two in-
dependent means (two-tailed), with α = 0.05, statistical 
power (1 - β) = 0.80, and an allocation ratio of 1:1. This 
analysis indicated that a minimum total sample size of 30 
participants was required, with 15 participants in each 
group. Based on the inclusion criteria proposed by Matsu-
naga and Kaneoka (2018), a total of 30 male soccer players 
were recruited, including 15 amateur and 15 elite players. 
Because the main inferential analysis involved six princi-
pal components across two kicking phases, the G*Power 
calculation was treated as an approximation for detecting 
large between-group effects, and the final SPM1D infer-
ence was evaluated using a Bonferroni-adjusted threshold 
across the 12 PC-phase comparisons. Elite players were de-
fined as those holding a national first-class athlete certifi-
cation in soccer or higher, with more than five years of 
structured training, a weekly training volume of at least 10 

hours, and experience competing in high-level soccer 
leagues. Participant characteristics and training back-
grounds are presented in Table 1. The elite and amateur 
groups did not differ significantly in age, height, or body 
mass. As expected from the group classification criteria, 
the elite group had greater training experience and weekly 
training volume than the amateur group. All participants 
used their dominant leg for the instep kicking task, and 
dominant-leg distribution was comparable between 
groups. Playing position distribution was also examined 
descriptively and showed no obvious imbalance between 
groups. All participants were in good health, had no history 
of surgery within the previous six months, and had no mus-
culoskeletal injuries or related diseases. To minimize the 
potential influence of pre-test fatigue, all participants 
avoided high-intensity training or competition within 24 
hours before testing. This study complied with the Decla-
ration of Helsinki, and written informed consent was ob-
tained from all participants. Ethical approval was granted 
by the Ethics Committee of the Institute of Public Health, 
Ningbo University (TY2025077). 
 
Experimental protocol 
A 10 camera motion capture system (Vicon, Oxford Met-
rics Ltd., Oxford, UK), was used to record the three-dimen-
sional positions of 32 reflective markers placed on the pel-
vis and lower limbs at a sampling rate of 200 Hz. The 
marker set included three upper-body markers, three pelvis 
markers, and 13 lower-limb markers on each side. Detailed 
marker placement is presented in Table 2. The upper-body 
markers were placed on the bilateral acromion processes 
and sternum. The pelvis was defined using markers placed 
on the right and left anterior superior iliac spines and a pos-
terior pelvis marker placed over the sacral region. For each 
lower limb, the thigh segment was tracked using three thigh 
markers and markers placed on the medial and lateral fem-
oral epicondyles. The shank segment was tracked using 
three shank markers and markers placed on the medial and 
lateral malleoli. The foot segment was tracked using mark-
ers placed on the heel and the medial and lateral forefoot. 
Surface electromyography (sEMG) signals were synchro-
nously collected at 2000 Hz using a Delsys system (Delsys 
Inc., Boston, MA, USA). Following the SENIAM recom-
mendations (http://www.seniam.org/), the skin was 
shaved, lightly abraded, and cleaned with alcohol wipes be-
fore electrode placement. sEMG sensors were placed over 
the muscle bellies of seven muscles of the kicking leg: rec-
tus femoris (RF), biceps femoris (BF), vastus medialis 
(VM), vastus lateralis (VL), tibialis anterior (TA), medial 
gastrocnemius (MG), and lateral gastrocnemius (LG) (Fig-
ure 1a) (Wang et al., 2026; Zhu et al., 2025). 

 
Table 1. Demographic characteristics of the study group. 

Values are presented as mean ± SD. Between-group comparisons were performed using independent-samples t tests. Effect sizes are reported as Hedges’ 
g, calculated as elite group minus amateur group. Positive values indicate higher values in the elite group, whereas negative values indicate higher 
values in the amateur group. 
 

Variable Elite (n = 15) Amateur (n = 15) p Hedges’ g 
Age, years 21.07 ± 1.49 21.93 ± 2.09 0.201 -0.47 
Height, cm 178.55 ± 4.52 179.86 ± 6.80 0.521 -0.18 
Body mass, kg 76.33 ± 5.27 77.53 ± 4.80 0.520 -0.23 
Training experience, years 6.20 ± 1.08 3.17 ± 1.12 < 0.001 2.49 
Training volume, h/week 10.27 ± 1.28 5.93 ± 1.22 < 0.001 2.92 
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                 Table 2. Marker placement used for the motion capture model. 
Segment Marker name Anatomical placement Number 

Upper body 
RAcromium 

Right acromion process, sternum, and left 
acromion process 

3 Sternum 
LAcromium 

Pelvis 
V.Sacral Sacral region / posterior pelvis marker, right 

anterior superior iliac spine, and left anterior 
superior iliac spine 

3 R.ASIS 
L.ASIS 

Bilateral thighs 
R/L.Thigh.Upper

Upper, anterior, and posterior aspects of each 
thigh 

6 R/L.Thigh.Front 
R/L.Thigh.Rear 

Bilateral knees 
R/L.Knee.Lat Lateral and medial femoral epicondyles of 

each knee 
4 

R/L.Knee.Med 

Bilateral shanks 
R/L.Shank.Upper

Upper, anterior, and posterior aspects of each 
shank 

6 R/L.Shank.Front
R/L.Shank.Rear 

Bilateral ankles 
R/L.Ankle.Lat 

Lateral and medial malleoli of each ankle 4 
R/LAnkle.Med 

Bilateral feet 
R/L.Heel 

Calcaneus / heel and lateral and medial fore-
foot markers of each foot 

6 R/L.Toe.Lat 
R/L.Toe.Med 

A total of 32 reflective markers were used, including three upper-body markers, three pelvis markers, and 13 lower-limb 
markers on each side. R = right; L = left; ASIS = anterior superior iliac spine. 

 
The bipolar sensors had a fixed inter-electrode dis-

tance of 10 mm, and the long axis of each sensor was 
aligned parallel to the underlying muscle fibre direction to 
reduce crosstalk from adjacent muscles. RF sensors were 
placed approximately midway between the anterior supe-
rior iliac spine and the superior border of the patella; BF 
sensors were placed midway between the ischial tuberosity 
and the lateral femoral epicondyle; VM sensors were 
placed on the distal medial thigh, proximal to the super-
omedial border of the patella; VL sensors were placed on 

the lateral thigh along the line from the anterior superior 
iliac spine to the lateral border of the patella; TA sensors 
were placed on the proximal third of the line between the 
fibular head and the medial malleolus; and MG and LG 
sensors were placed over the most prominent regions of the 
medial and lateral gastrocnemius muscle bellies, respec-
tively. After electrode placement, brief voluntary contrac-
tions, including knee extension, knee flexion, ankle dorsi-
flexion, and plantarflexion, were performed for each mus-
cle to visually confirm signal quality and muscle-specific 

 
 

 

 
 

Figure 1. Experimental setup, (a) sEMG electrode placement and identification of the recorded muscles. (b) Definition of phases 
of kicking legs. (c) Workflow of wavelet transformation. The EMG signals were bandpass filtered. The 11 non-linearly scaled 
Morlet wavelets were used for the wavelet transformation. EMG signal was transformed in time-frequency domain. (d) Time-
domain feature extraction using principal component analysis (PCA).  
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activation. The sensors and cables were secured with elas-
tic adhesive tape to minimize movement artefacts during 
the kicking task. Participants then completed a 10-min light 
jogging warm-up followed by a 5-min soccer-specific dy-
namic warm-up. After warming up, each participant per-
formed two maximal-effort instep shots to become familiar 
with the required testing intensity. Testing was conducted 
on an indoor artificial turf surface. All participants used the 
same size 5 soccer ball, with ball pressure standardized to 
10 psi and verified using a pressure gauge (Zhou et al., 
2025). Participants struck the ball with their dominant 
kicking leg, using their habitual shooting angle (30° to 45°) 
and a self-selected approach distance of no more than 2 m 
(Cerrah et al., 2024). Participants were instructed to kick 
with maximal effort and to aim as accurately as possible at 
the center of the goal (Apriantono et al., 2006). All partic-
ipants performed repeated instep kicking trials with a 30-s 
rest interval between attempts (Mei et al., 2014), and trials 
were repeated until each participant completed three valid 
kicks. A kick was considered valid if (1) ball speed was 
within ± 5% of the individual target speed and (2) the ball 
trajectory was directed toward the central area of the goal. 
The individual target speed was defined as the mean ball 
speed of three maximal-effort shots performed by each par-
ticipant during the familiarization phase before formal test-
ing. The number of attempts required to obtain three valid 
kicks was recorded for each participant and did not differ 
significantly between groups (elite: 3.47 ± 0.64 attempts; 
amateur: 3.67 ± 0.72 attempts; p = 0.429). The invalid trial 
rate was also similar between groups (elite: 7/52 trials, 
13.5%; amateur: 10/55 trials, 18.2%; p = 0.601). Invalid 
trials were mainly caused by ball speed falling outside the 
± 5% target range or by the ball trajectory not being di-
rected toward the central target area. No participant re-
ported fatigue or muscle discomfort requiring termination 
of testing or additional rest beyond the planned 30-s inter-
val. Ball speed was obtained using video-based kinematic 
analysis. Each shot was recorded with a high-speed camera 
(Casio EX-ZR100) at 240 fps (240 Hz), with the camera 
positioned lateral to the ball location and perpendicular to 
the plane of ball motion. A calibration object of known 
length was placed in the kicking plane before testing to de-
fine the spatial scale in Kinovea (v0.8.15; Association Ki-
novea, France) (Zhou et al., 2023). The ball center was 
manually digitized frame by frame over the initial post-
contact flight frames, and ball speed was calculated as the 
linear displacement of the ball center divided by the corre-
sponding time interval. To assess measurement reliability, 
a random subset of 20 trials was digitized twice by the 
same analyst with an interval of 7 days. Reliability was as-
sessed using ICC(3, 1), and measurement error was quan-
tified using the standard error of measurement. Intrarater 
reliability was excellent (ICC = 0.96), and the measure-
ment error was 0.21 mꞏs-1. All three valid kicks were re-
tained for subsequent processing rather than selecting a sin-
gle best-performing trial. 
 
Data processing 
Kinematic data were processed using the Visual3D biome-
chanical analysis system (v6; HAS-Motion, Kingston, ON, 
Canada) and low-pass filtered with a fourth-order zero-

phase Butterworth filter at a cutoff frequency of 10 Hz 
(Sinclair et al., 2013). Based on the 32-marker full-body 
model described above, the pelvis, thigh, shank, and foot 
segments were reconstructed in Visual3D. Hip joint angles 
of the kicking limb were calculated as the orientation of the 
thigh segment relative to the pelvis segment. The sagittal-
plane hip angle was then used to identify the maximum hip 
extension and maximum hip flexion events. The instep 
kick was characterized by three key events: maximum hip 
extension, ball contact, and maximum hip flexion. Maxi-
mum hip extension was defined as the minimum sagittal-
plane hip flexion angle of the kicking limb before ball con-
tact. Ball contact was identified from high-speed video in-
spection as the first frame in which the dorsum of the kick-
ing foot contacted the ball, with marker trajectory infor-
mation used as supporting confirmation. Maximum hip 
flexion was defined as the maximum sagittal-plane hip 
flexion angle of the kicking limb after ball contact. Based 
on these events, two main phases were defined (Figure 1b): 
the upward swing phase, from maximum hip extension of 
the kicking leg to ball contact, and the post-contact forward 
follow-through phase, from ball contact to maximum hip 
flexion of the kicking leg (Watanabe et al., 2020). To as-
sess event-detection reliability, a random subset of 20 trials 
was re-identified twice by the same analyst with an interval 
of 7 days. Intrarater reliability was assessed using ICC(3, 
1), and timing error was quantified as the mean absolute 
difference between repeated event detections. Event-detec-
tion reliability was excellent (ICC = 0.96), with a mean ab-
solute timing difference of 1.2 frames, corresponding to 5.0 
ms. 

Raw EMG signals from the seven muscles were 
first visually inspected to identify obvious artifacts. No 
notch filter was applied because no substantial power-line 
noise was observed in the raw EMG signals. The raw EMG 
signals were then band-pass filtered between 20 and 450 
Hz using a fourth-order zero-phase Butterworth filter to re-
duce low-frequency movement artifacts and high-fre-
quency noise while preserving the main spectral content of 
the surface EMG signal. The band-pass-filtered, non-recti-
fied EMG signals were entered into the Morlet wavelet 
transform. Rectification was not performed before wavelet 
transformation because wavelet intensity was subsequently 
calculated as the squared magnitude of the complex wave-
let coefficients, thereby quantifying the time-frequency 
power of the EMG signal. The 20 - 450 Hz band-pass range 
was selected as a conventional preprocessing range for sur-
face EMG during dynamic movement. The lowest Morlet 
wavelet center frequency of 6.90 Hz was retained as part 
of the predefined 11-band wavelet filter bank used for 
time-frequency decomposition. Because the EMG signals 
had already been high-pass filtered at 20 Hz, the lowest 
wavelet band was interpreted cautiously as a residual low-
frequency contribution after preprocessing rather than as 
unfiltered movement artifact. The main interpretation 
therefore focused on the distribution of wavelet intensity 
across the complete set of frequency bands. To obtain time-
frequency features, Morlet wavelet transforms were com-
puted using FFT-based convolution to derive time-fre-
quency coefficients for each frequency band. The center 
frequencies of the Morlet wavelets were 6.90, 19.29, 37.71, 
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62.09, 92.36, 128.48, 170.39, 218.08, 271.50, 330.63, and 
395.46 Hz (von Tscharner, 2000). Wavelet intensity was 
calculated as the squared magnitude of the coefficients 
(Figure 1c) (Triwiyanto et al., 2017; Ghosh and Swamina-
than, 2020). 

 

 
(1) 

 
(2) 

 

Equation (1) presents the Morlet continuous wavelet trans-
form applied to the within-phase EMG signal 𝑥ሺ𝑡ሻ, yield-
ing the complex time-frequency coefficients 𝑊ሺ𝑓, 𝑡ሻ , 
which characterize the instantaneous oscillatory compo-
nents of the signal in the vicinity of time 𝑡 and around the 
center frequency 𝑓 . Equation (2) defines the time-fre-
quency intensity 𝐼ሺ𝑓, 𝑡ሻ as the squared magnitude of the 
complex coefficients, which was used to quantify the en-
ergy and intensity at each time-frequency point. In these 
equations, 𝑥ሺ𝜏ሻ denotes the EMG signal at time 𝜏, where 𝜏 
is the integration variable; 𝑓  is the wavelet center fre-
quency; 𝑡  is the time-localization parameter that deter-
mines the time point associated with the time-frequency 
coefficient; 𝜓௙ሺ⋅ሻ  is the Morlet wavelet basis function 
scaled to the center frequency 𝑓 . Following commonly 
used settings in previous time-frequency analyses, 11 cen-
ter frequencies were selected to construct the band-specific 
intensity matrix. The time-frequency intensity within each 
phase was then linearly interpolated and time-normalized 
to 101 time points, yielding an 11 × 101 time-frequency 
intensity matrix for each muscle (Cai et al., 2026). To re-
duce the influence of overall amplitude differences be-
tween trials, wavelet intensity was normalized after the 
Morlet wavelet transformation using a participant specific 
scaling procedure. For each participant (s), trial (r), muscle 
(m), and phase (p), the Morlet wavelet analysis generated 
an 11 × 101 time frequency intensity matrix, denoted as 
𝐼௦,௥,௠,௣ሺ𝑓, 𝑡ሻ, where 𝑓 represents one of the 11 wavelet cen-
ter frequency bands and 𝑡 represents one of the 101 nor-
malized time points. 

First, the total wavelet intensity of each trial was 
calculated by summing all values in the 11 × 101 time fre-
quency intensity matrix: 
 

 

(3) 

 

Where 𝐾௦,௥,௠,௣  represents the total wavelet intensity for 
participant s, trial r, muscle m, and phase p. Second, be-
cause each participant completed three valid kicks, the par-
ticipant specific scaling factor was calculated separately 
for each muscle and phase as the median of the three trial  
specific total intensities: 
 

(4)
 

Where 𝐾௦,௠,௣
୫ୣୢ୧ୟ୬  represents the unified scaling factor for 

participant s, muscle m, and phase p. Third, each trial level 
time  frequency  intensity matrix was normalized by divid- 

ing each matrix element by this participant specific scaling 
factor: 
 

(5) 

 

Where 𝐼ሚ௦,௥,௠,௣ሺ𝑓, 𝑡ሻ denotes the normalized wavelet inten-
sity at frequency band 𝑓 and normalized time point 𝑡. Fi-
nally, the normalized matrices from the three valid trials 
were averaged within each participant to obtain a partici-
pant level representative time frequency intensity matrix: 
 

 

(6) 

 

Where 𝐼
¯

௦,௠,௣ሺ𝑓, 𝑡ሻ  represents the participant level mean 
normalized intensity matrix for participant s, muscle m, 
and phase p. Thus, amplitude normalization was based on 
total wavelet intensity, was performed after wavelet trans-
formation, and was participant-, muscle-, and phase-spe-
cific. The resulting participant-level mean matrices were 
used for subsequent global PCA and SPM1D analyses (von 
Tscharner et al., 2018; Mohr et al., 2022). Repeated trials 
were therefore not treated as independent observations. 
Group-level mean matrices were calculated only for de-
scriptive visualization of the time-frequency heat maps. 
This amplitude-normalization procedure was separate from 
the z-score standardization applied to feature columns be-
fore PCA. As a sensitivity analysis, the PCA and SPM1D 
pipeline was repeated using maximum-intensity-based nor-
malization. The main significant PC-phase findings re-
mained unchanged, with significant clusters observed for 
Phase 1 PC3 and Phase 2 PC1. 

To characterize the dominant patterns of time-fre-
quency intensity across muscles and frequency bands and 
to enable between-group comparisons, a global PCA 
model was constructed using the participant-level mean 
matrices from the whole cohort. Individual trial-level ma-
trices were not entered into the PCA. For each participant 
and phase, the normalized 11 × 101 intensity matrices from 
the seven muscles were concatenated in a fixed order by 
muscle and frequency band. At each normalized time point, 
this yielded a 77-dimensional feature vector, correspond-
ing to seven muscles × 11 frequency bands. The 101 time-
point vectors from all participants were then stacked to 
construct the global feature matrix for PCA. The PCA 
model was built without using group labels and was used 
only to define a common component space for all partici-
pants. Before PCA, each feature column was z-score stand-
ardized to minimize scale differences across muscles and 
frequency bands. PCA was then performed to obtain a 
common set of spatial loadings and the associated ex-
plained variance, and the first six principal components 
were retained based on cumulative explained variance and 
interpretability. The same principal component weights 
were subsequently applied to each participant’s time-fre-
quency feature data to compute the PC score time series for 
each component (Figure 1d). Thus, each participant con-
tributed one representative PC score trajectory for each 
phase and principal component, and repeated trials were 
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not treated as independent observations (Bro and Smilde, 
2014; Jolliffe and Cadima, 2016; Shlens, 2014). 
 
Statistical analysis 
To compare between-group differences in principal com-
ponent score time series across the two phases of the instep 
kick, the global PCA model constructed from participant-
level mean matrices was used to obtain each participant’s 
PC score time series for both phases. The global PCA 
model was constructed without using group labels and was 
used only to define a common component space for all par-
ticipants. Between-group comparisons were then per-
formed separately for the first six principal components 
(PC1 to PC6). For each PC, the score trajectories of the 
elite and amateur groups were treated as one-dimensional 
continuous time signals and analyzed in a Python 3.9 envi-
ronment using independent-samples t tests implemented in 
the open-source SPM1D package (Chen et al., 2025; Gao 
et al., 2025; Zhu et al., 2026). The family-wise error struc-
ture was defined across the 12 PC-phase comparisons, con-
sisting of six PCs tested in each of the two kicking phases. 
Within each PC-phase comparison, SPM1D controlled the 
family-wise error rate across the normalized time contin-
uum. To further control for multiple PC-phase tests, statis-
tical significance was evaluated using a Bonferroni-ad-
justed threshold of α_adjusted = 0.05/12 = 0.0042. A clus-

ter was considered statistically significant only when it ex-
ceeded the SPM1D critical threshold under this adjusted 
alpha level. The assumptions for independent-samples 
SPM1D tests were checked before statistical inference. In-
dependence was ensured by using participant-level mean 
PC score trajectories, with each participant contributing 
one trajectory per phase and PC. The distribution of partic-
ipant-level PC scores and model residuals was inspected 
using Q-Q plots and Shapiro-Wilk tests on cluster-mean 
PC scores, and homogeneity of variance between groups 
was assessed using Levene’s tests. No severe violations of 
these assumptions were observed. To examine whether the 
main PCA/SPM1D findings were influenced by differ-
ences in training background, sensitivity analyses were 
conducted for the significant SPM1D clusters. For each 
participant, the mean PC score within each significant clus-
ter was extracted, including the Phase 1 PC3 cluster from 
54% to 75% of normalized time and the Phase 2 PC1 clus-
ter from 60% to 70% of normalized time. Linear regression 
models were then used to test whether the group effect re-
mained after adjusting separately for training experience 
and weekly training volume. Certification status and com-
petition exposure were not included as covariates because 
they were part of the predefined group classification crite-
ria and were therefore highly collinear with group mem-
bership. 

 
 

 

 
 

Figure 2. Time frequency heat maps illustrating the mean wavelet intensity patterns of lower limb muscle activation during 
Phase 1 of the instep kick. The X-axis represents the progression of Phase 1 on a normalized time scale, the Y-axis depicts EMG 
frequency ranges analyzed. Wavelet intensity was normalized after Morlet wavelet transformation using a participant-specific, 
muscle-specific, and phase-specific scaling factor. The color gradient represents normalized wavelet intensity and was shared 
across all muscles and both groups, with color-scale limits fixed from 0.000004 to 0.006518. 
 
Results 
 
As shown in Figure 2, the Phase 1 heat maps provide a de-
scriptive overview of the group level distribution of nor-
malized wavelet intensity across muscles, frequency 

bands, and normalized time. Because between group infer-
ence was performed using PCA derived score trajectories, 
the heat maps are presented to contextualize the main time 
frequency regions underlying the overall EMG patterns. 
Participant level peak normalized wavelet intensity values 
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and corresponding peak frequency bands are summarized 
in Table 3. In both groups, wavelet intensity was mainly 
distributed within the low to low mid frequency range, ap-
proximately 6.90 to 128.48 Hz. In the elite group, the quad-
riceps muscles (RF, VL, and VM) showed regions of rela-
tively higher normalized wavelet intensity within the low 
frequency range during the early to middle portion of Phase 
1, approximately 20 to 60% of the normalized phase. In the 
amateur group, the corresponding RF and VM intensity re-
gions were mainly observed during the middle-to-later por-
tion of the phase. For BF, the elite group showed a region 
of relatively higher normalized wavelet intensity during the 
late pre-contact period, approximately 80 to 100% of Phase 
1, with intensity extending into the mid frequency range. 
The amateur group showed a BF distribution mainly within 
the lower frequency bands. For the lower leg muscles, TA, 
MG, and LG in the amateur group showed low frequency 
intensity regions during the late pre-contact period. These 
descriptive patterns provided visual context for the subse-
quent PCA based interpretation of phase specific group dif-
ferences. 

As indicated in Figure 3, the Phase 2 heat maps 
showed that group mean wavelet intensity in both groups 
was mainly distributed within the low frequency range, ap-
proximately 6.90 to 62.09 Hz. In the amateur group, LG 
showed a region of relatively higher normalized wavelet 
intensity during the early post-contact interval, mainly 
within 0 to 20% of Phase 2 and within approximately 6.90 
to 62.09 Hz. MG showed a low frequency intensity region 
during the later portion of the phase, mainly within 70 to 
100% of Phase 2. In the elite group, VL and VM showed 
regions of relatively higher normalized wavelet intensity 
within the low frequency range during the early post-con-
tact interval, mainly within 0 to 20% of Phase 2, whereas 
BF showed a region of relatively higher normalized wave-
let intensity during the middle to later portion of Phase 2, 
approximately 60 to 100% of the normalized phase. Over-

all, the heat maps were used to describe the spatial and tem-
poral organization of group level EMG time frequency pat-
terns, while formal between group inference was based on 
the PCA derived score trajectories and SPM1D results re-
ported in the following section. 

During Phase 1 of the instep kick, from maximum 
hip extension to ball contact, SPM1D independent samples 
t tests applied to the time series of the first six principal 
components (PC1 to PC6) showed that PC3 exhibited a sig-
nificant between group difference at 54 to 75 percent of the 
normalized phase (p < 0.001), with higher PC3 scores in 
the elite group than in the amateur group within this inter-
val (Figure 4a). During Phase 2, from post-contact follow-
through to maximum hip flexion, the corresponding 
SPM1D tests indicated that only PC1 showed a significant 
between group difference, occurring at 60 to 70 percent of 
the normalized phase (p < 0.001), with PC1 scores signifi-
cantly lower in the elite group than in the amateur group 
(Figure 4b). A complete summary of the SPM1D results 
for all PC1 to PC6 tests in each phase, including observed 
peak t values, critical thresholds, cluster extents, cluster-
level p values, effect sizes, exact normalized window 
bounds, and non-significant components, is provided in 
Table 4. No significant intervals were detected for the other 
principal components. To examine whether these findings 
were influenced by differences in training background, 
sensitivity analyses were performed by extracting the mean 
PC scores within the significant SPM1D clusters. The 
group effect for the Phase 1 PC3 cluster remained signifi-
cant after adjustment for training experience (p = 0.012) 
and weekly training volume (p = 0.018). Similarly, the 
group effect for the Phase 2 PC1 cluster remained signifi-
cant after adjustment for training experience (p = 0.016) 
and weekly training volume (p = 0.023). These findings 
suggest that the main PCA/SPM1D results were not solely 
explained by between-group differences in training experi-
ence or weekly training volume. 

 
 
Table 3. Peak normalized wavelet intensity and corresponding peak frequency band during Phase 1 and Phase 2. 

Values in the first line of each cell indicate participant-level peak normalized wavelet intensity, presented as mean ± SD. Values in the second line 
indicate the corresponding participant-level peak frequency band, presented as median [interquartile range] in Hz. For each participant, muscle, and 
phase, the peak value was first identified from the participant-level mean 11 × 101 time-frequency matrix, and group summaries were then calculated 
from these participant-level peak values. These values are descriptive summaries; formal between-group inference was based on PCA-derived score 
trajectories and SPM1D analyses. 

 

 

Muscle 
Phase 1 Phase 2 

Elite Amateur Elite Amateur 

Rectus Femoris 
0.011 ± 0.006 

49.90 [37.71, 111.88] 
0.009 ± 0.002 

62.09 [56.00, 69.66] 
0.012 ± 0.002 

37.71 [37.71, 37.71] 
0.015 ± 0.006 

49.90 [37.71, 62.09] 

Vastus Lateralis 
0.013 ± 0.010 

37.71 [37.71, 37.71] 
0.027 ± 0.039 

37.71 [37.71, 49.90] 
0.017 ± 0.009 

37.71 [37.71, 49.90] 
0.019 ± 0.007 

37.71 [37.71, 49.90] 

Vastus Medialis 
0.012 ± 0.010 

62.09 [49.90, 62.09] 
0.012 ± 0.004 

37.71 [37.71, 49.90] 
0.028 ± 0.030 

37.71 [37.71, 49.90] 
0.015 ± 0.008 

37.71 [37.71, 37.71] 

Biceps Femoris 
0.016 ± 0.014 

37.71 [37.71, 37.71] 
0.007 ± 0.001 

37.71 [37.71, 37.71] 
0.019 ± 0.021 

62.09 [49.90, 62.09] 
0.018 ± 0.008 

37.71 [37.71, 49.90] 

Tibialis Anterior 
0.008 ± 0.004 

37.71 [37.71, 62.09] 
0.009 ± 0.002 

62.09 [37.71, 95.28] 
0.012 ± 0.008 

37.71 [37.71, 62.09] 
0.015 ± 0.007 

37.71 [37.71, 37.71] 

Medial Gastrocnemius 
0.014 ± 0.010 

37.71 [37.71, 37.71] 
0.012 ± 0.007 

37.71 [37.71, 77.22] 
0.024 ± 0.017 

37.71 [37.71, 37.71] 
0.019 ± 0.015 

37.71 [37.71, 49.90] 

Lateral Gastrocnemius 
0.024 ± 0.032 

37.71 [37.71, 49.90] 
0.014 ± 0.007 

37.71 [37.71, 128.48] 
0.016 ± 0.017 

37.71 [37.71, 37.71] 
0.026 ± 0.025 

37.71 [28.50, 37.71] 
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Figure 3. Time frequency heat maps illustrating the mean wavelet intensity patterns of lower limb muscle activation during 
Phase 2 of the instep kick. The X-axis represents the progression of Phase 2 on a normalized time scale, the Y-axis depicts EMG 
frequency ranges analyzed. Wavelet intensity was normalized after Morlet wavelet transformation using a participant-specific, 
muscle-specific, and phase-specific scaling factor. The color gradient represents normalized wavelet intensity and was shared 
across all muscles and both groups, with color-scale limits fixed from 0.000001 to 0.007992. 
 
Table 4. Summary of SPM1D results for PC1 to PC6 during the two phases of the instep kick. 

SPM1D independent samples t tests were used to compare PC score trajectories between elite and amateur players. Peak t represents the maximum 
value of the observed SPM t trajectory. Significant window indicates the normalized time interval where the observed t trajectory exceeded the critical 
threshold. Adjusted p values were calculated using Bonferroni correction across the 12 PC phase comparisons. Hedges’ g was calculated from participant 
level mean PC scores within each significant cluster. Negative peak t and Hedges’ g values indicate higher scores in the amateur group. For PCs without 
suprathreshold clusters, cluster extent was set to 0, whereas cluster-level p values, Hedges’ g, and significant windows are indicated by “—”. 
 

Discussion 
 
The purpose of this study was to examine differences in 
multi-muscle activation patterns during the instep kick be-
tween male soccer players of different competitive levels. 
Wavelet-based analysis and principal component analysis 
were applied to extract dominant surface EMG time-fre-
quency patterns across the two kicking phases, with the aim 

of capturing transient, frequency specific changes in mus-
cle activation during shooting. The results partially sup-
ported our a priori hypothesis. Across several muscles, the 
elite group exhibited higher intensity than the amateur 
group within lower frequency ranges. In Phase 1, between-
group differences were mainly reflected in PC3, whereas 
in Phase 2 they were primarily driven by PC1. These prin-
cipal  components  were  characterized by distinct muscle 

Phase PC Peak t 
Critical 

threshold 
Cluster  

extent (%) 
p Hedges’ g 

Significant  
window (%) 

Phase 1 

PC1 -0.96 4.23 0 - - - 
PC2 2.30 5.46 0 - - - 
PC3 7.62 5.41 21 < 0.001 2.96 54%-75% 
PC4 1.74 4.90 0 - - - 
PC5 2.56 4.80 0 - - - 
PC6 -2.94 4.71 0 - - - 

Phase 2 

PC1 -9.88 5.88 9 < 0.001 -2.03 60%-70% 
PC2 -1.99 7.19 0 - - - 
PC3 -4.71 5.49 0 - - - 

PC4 2.51 5.01 0 - - - 

PC5 -1.70 4.83 0 - - - 
PC6 1.19 4.96 0 - - - 
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Figure 4. The time coefficient patterns and activation regions of each principal component across the two shooting 
phases in the elite and amateur groups. (a) and (b) represent Phase 1 and Phase 2 of the instep kick, respectively. Solid 
lines indicate positive time coefficients, whereas dashed lines indicate negative time coefficients. Red arcs denote the 
primary activation region of PC1, orange arcs denote the primary activation region of PC2, light yellow arcs denote the 
primary activation region of PC3, light blue arcs denote the primary activation region of PC4, sky blue arcs denote the 
primary activation region of PC5, and dark blue arcs denote the primary activation region of PC6. Black arcs highlight 
regions with significant activation differences between the elite and amateur groups. 

 
and frequency-band features. In Phase 1, PC3 was mainly 
associated with mid- to high-frequency components of the 
biceps femoris, with additional contributions from lower-
leg muscles. In Phase 2, PC1 was mainly associated with 
mid- to high-frequency components of the medial gas-
trocnemius. Overall, these findings suggest that competi-
tive-level differences are not simply expressed as globally 
greater or lower activation. Instead, they are reflected in the 
redistribution of time-frequency energy across specific 
muscles and frequency bands within critical time windows. 
In the context of previous biomechanical studies, this re-
distribution may represent a neuromuscular activation pat- 
tern compatible with the proximal-to-distal kinetic-chain 
demands of soccer shooting, although the present EMG 
data do not directly quantify intersegmental coordination 
(Kellis and Katis, 2007; Nunome et al., 2006; Lees et al., 
2010). 

In Phase 1 of the instep kick, from maximum hip 
extension to ball contact, the between-group differences 
appear to reflect distinct neuromuscular organization of 
proximal acceleration and distal braking during the pre-
contact preparation period. The elite group showed earlier 
and more concentrated low- to mid-frequency high-inten-
sity bands in the quadriceps during the early to middle    

portion of Phase 1, together with a more pronounced late 
pre-contact increase in biceps femoris intensity accompa-
nied by frequency-band expansion (Figure 2). Consistent 
with these observations, PC3 showed a significant be-
tween-group difference at 54.6 - 75.4% of normalized 
Phase 1 (Figure 4a), with higher PC3 scores in the elite 
group. Based on the PC3 loading structure, positive PC3 
scores primarily reflected a greater relative contribution of 
mid- to high-frequency biceps femoris intensity, together 
with smaller accompanying contributions from selected 
lower-leg muscle components. Thus, the Phase 1 PC3 dif-
ference should be interpreted as a BF-dominant time-fre-
quency pattern rather than as a uniform increase in activa-
tion across all muscles. This pattern is consistent with the 
role of the hamstrings in terminal limb deceleration and 
knee stabilization before ball contact. The instep kick re-
quires rapid segmental motion to generate high foot speed, 
as well as rapid reorganization of the control strategy near 
ball contact to stabilize the knee-ankle chain and standard-
ize contact conditions. Previous studies have indicated that 
kicking performance depends on precise coordination of 
hip and knee motion timing and accurate pre-contact pos-
tural preparation (Lees et al., 2010; Nunome et al., 2006; 
Kellis and Katis, 2007). The between group difference in 
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PC3 observed in Phase 1 suggests that elite and amateur 
players may differ systematically in how they coordinate 
braking and joint stabilization during the late pre-contact 
period. Specifically, a clearer and more temporally concen-
trated biceps femoris related energy pattern across fre-
quency bands may help regulate terminal knee extension 
angular velocity and reduce rapid fluctuations in joint mo-
tion before contact, thereby promoting a more consistent 
striking surface posture and a more stable direction of force 
transmission at ball contact (Rabello et al., 2022). Im-
portantly, this difference should not be interpreted simply 
as greater biceps femoris effort. Rather, it may reflect re-
distribution of frequency components within the overall 
surface EMG spectral structure. Although such spectral re-
distribution may be related to activation-dependent factors, 
such as motor unit firing behavior and muscle fiber con-
duction velocity, its interpretation should remain cautious 
because surface EMG frequency content can also be af-
fected by electrode placement, tissue filtering, crosstalk, 
movement artifacts, muscle length, fatigue, and signal-pro-
cessing choices (Solomonow et al., 1990; Wakeling and 
Rozitis, 2004). 

The Phase 2 differences complement those ob-
served in Phase 1. After ball contact, the distal segment ve-
locity of the swinging leg decreases rapidly, and the move-
ment transitions into a phase of postural recovery and sta-
bility control. Accordingly, between-group differences 
shift from pre-contact braking organization toward post-
contact stabilization demands. Compared with the elite 
group, the amateur group showed regions of relatively 
higher normalized wavelet intensity during the early post-
contact period and again during the later portion of the 
phase, particularly in LG and MG. Consistent with these 
observations, PC1 showed a significant between-group dif-
ference at 60 - 70% of Phase 2, from post-contact follow-
through to maximum hip flexion, with lower PC1 scores in 
the elite group than in the amateur group (Figure 4b). The 
MG-dominated mid- to high-frequency structure of PC1 
suggests that post-contact differences are primarily ex-
pressed as divergent control demands on the ankle plantar 
flexor muscles. Following impact, the distal speed of the 
swinging leg decreases rapidly and is accompanied by the 
need for postural reorganization. During this process, post-
contact recovery requires coordinated control of the swing-
ing limb and whole-body posture. However, because EMG 
was recorded only from the kicking leg, the present find-
ings should be interpreted as reflecting kicking-leg muscle 
activation patterns rather than support-leg control mecha-
nisms (Chew-Bullock et al., 2012; Moriyama et al., 2024). 
A more pronounced MG-dominated frequency-band en-
ergy structure is consistent with the post-contact demands 
of regulating ankle stiffness and dissipating or redistrib-
uting mechanical energy. Because ball contact and the im-
mediate post-contact window impose strong constraints on 
distal segment motion during shooting, control of the an-
kle-foot complex becomes a key factor influencing stabil-
ity during the transition from impact to recovery (Lees et 
al., 2010; Nunome et al., 2006). This interpretation is also 
supported by the time-frequency heat maps. In the amateur 
group, the greater high-frequency wavelet intensity of the 
plantar flexors and hamstrings during the mid- to late post-

contact period suggests a different surface EMG spectral 
organization during follow-through and recovery. In con-
trast, the elite group showed less reliance on this high-fre-
quency-dominated pattern within the same time window. 
Therefore, the relative reduction or enhancement of high-
frequency components should be interpreted as a differ-
ence in EMG time-frequency organization rather than as 
direct evidence of altered neural drive or motor unit recruit-
ment. Because surface EMG frequency content can be in-
fluenced by both physiological and measurement-related 
factors, these spectral differences should be considered 
complementary to, rather than a replacement for, ampli-
tude-based EMG metrics. Moreover, post-contact differ-
ences were more concentrated in patterns related to the 
plantar flexors than in those related to the proximal mus-
cles responsible for early speed generation, indicating that 
competitive-level differences are reflected not only in 
speed production but also in post-contact stability control. 

The present findings may help generate phase-tar-
geted hypotheses for applied training, rather than providing 
direct evidence for intervention efficacy or injury-risk re-
duction. Based on the present EMG results, the Phase 1 
PC3 difference identifies a BF-dominant time-frequency 
pattern during the mid- to late pre-contact period, suggest-
ing that hamstring-related braking and knee stabilization 
during kicking may be relevant targets for future training 
studies. Accordingly, future interventions could examine 
whether eccentric hamstring braking, terminal swing align-
ment control, Nordic hamstring exercise, eccentric knee 
flexor strengthening, and segmental swing kicking drills 
with or without a ball can modify kicking-specific biceps 
femoris activation patterns and improve pre-contact con-
trol. Although Nordic hamstring exercise and FIFA 11+ 
have been supported by external injury-prevention studies, 
the present cross-sectional EMG study did not directly test 
whether these interventions reduce hamstring injury risk or 
improve kicking performance (Petersen et al., 2011). Sim-
ilarly, the Phase 2 PC1 difference suggests that plantar 
flexor-related time-frequency patterns during post-contact 
follow-through may be another candidate target for future 
studies. Training elements such as high-speed resisted 
plantar flexion, short-contact plyometric drills, ankle pro-
prioceptive tasks, and follow-through technical cues may 
be explored as potential strategies to improve ankle-foot 
regulation and post-contact recovery (Sinulingga et al., 
2025). However, whether these approaches reduce reliance 
on high-frequency-dominated EMG patterns, improve 
movement stability, or reduce injury risk remains to be 
tested in longitudinal intervention designs (Soligard et al., 
2008; Thorborg et al., 2017; Bizzini and Dvorak, 2015; 
Gomes Neto et al., 2017). Overall, the present findings pro-
vide a time-frequency and multivariate EMG framework 
for identifying candidate neuromuscular features related to 
skill level, but their applied value should be confirmed in 
future training and injury-prevention studies. 

This study has several limitations. First, time-fre-
quency characterization was based on sEMG. Surface 
EMG is inevitably influenced by factors such as intermus-
cular crosstalk, subcutaneous tissue thickness, variability 
in electrode placement, changes in skin impedance, and 
signal-processing choices. Therefore, although time-        
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frequency intensity can reflect the time-frequency distribu-
tion of neuromuscular activation, it should not be treated as 
a direct surrogate for muscle force or joint moments, and 
observed frequency-band differences may result from both 
physiological and measurement-related factors. Second, 
the experimental task was performed under controlled in-
door conditions. Standardizing shooting distance, target lo-
cation, and ball settings improves repeatability but differs 
from the ecological demands of match play, which include 
opposition, fatigue, time pressure, and decision-making 
constraints. Future studies should therefore examine pro-
gressive ecological task constraints, such as approaching 
the ball under time pressure, shooting with a defender pre-
sent, kicking a moving ball, performing shots after stand-
ardized fatigue protocols, or manipulating accuracy-speed 
trade-off demands. These constraints would be expected to 
affect not only ball speed and shooting accuracy but also 
the timing, magnitude, and variability of PCA-derived 
EMG time-frequency patterns. For example, time pressure 
and defender presence may increase variability in pre-con-
tact preparation and alter BF-related Phase 1 PC3 patterns, 
whereas fatigue and moving-ball conditions may modify 
plantar flexor-related Phase 2 PC1 patterns during follow-
through and post-contact recovery. Thus, the neuromuscu-
lar activation patterns observed in the present controlled 
task should be verified under constraints that more closely 
resemble real game situations. 
 
Conclusion 
 
This study analyzed two key phases of the instep kick using 
Morlet wavelet-based time-frequency intensity from seven 
kicking-leg muscles and global PCA score trajectories. The 
results revealed systematic between-group differences in 
pre-contact preparation and post-contact follow-through 
control. In Phase 1, elite players showed a more temporally 
concentrated and phase-specific activation organization, 
characterized by a stabilization-related pattern with in-
creased mid-frequency components of the biceps femoris 
during the mid- to late pre-contact period. In contrast, am-
ateur players displayed a more dispersed and prolonged 
pre-contact energy distribution. In Phase 2, amateur play-
ers showed greater reliance on a medial gastrocnemius-re-
lated high-frequency pattern during the mid- to late post-
contact period, whereas elite players showed less depend-
ence on this plantar flexor-related pattern, suggesting a dif-
ferent post-contact EMG time-frequency organization. 
These findings should be interpreted as controlled labora-
tory evidence from a small male sample performing stand-
ardized indoor kicks and should be replicated in more eco-
logical kicking tasks and more diverse participant samples. 
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Key points 

•  Time frequency analysis combined with global PCA re-
vealed phase specific neuromuscular differences be-
tween elite and amateur soccer players during the instep 
kick. 

•  Elite and amateur players exhibited phase specific differ-
ences in neuromuscular control, particularly in pre con-
tact preparation and post contact follow through. 

•  Elite players showed a more temporally concentrated pre-
contact activation pattern, characterized by greater biceps 
femoris mid-frequency contribution during the mid- to 
late pre-contact period. 

•  Amateur players showed greater medial-gastrocnemius-
related high-frequency contribution during the post-con-
tact phase, indicating a different plantar-flexor-related 
EMG time-frequency organization during follow-
through. 
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