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Abstract

This study aimed to investigate the effects of 60-second static
stretching on the neuromuscular control strategies of lower limb
muscles during a squat jump (SJ), with a specific focus on
changes in muscle synergy patterns, muscle weightings, and tem-
poral activation characteristics. The muscles targeted for stretch-
ing included the quadriceps, hamstrings, and triceps surae. Elec-
tromyography (EMG) was used to assess the activity of the biceps
femoris (BFL), triceps surae(TS), rectus femoris (RF), vastus lat-
eralis (VL), and vastus medialis (VM). Twenty-five active males
completed experiments under both a static stretching condition
(SS) and a non-stretching condition (NS). Electromyography and
non-negative matrix factorization (NMF) were employed to ex-
tract muscle synergy and the muscle weightings along with tem-
poral activation characteristics were subsequently analyzed. The
results revealed two distinct muscle synergy patterns in both the
SS and NS. 60-second static stretching had no significant impact
on the number of muscle synergy patterns during the squat jump.
However, it significantly altered the contribution and temporal
activation characteristics of individual muscles. Notably, post-
stretching muscle activation levels were lower during the early
phase of the jump, necessitating compensatory activation in the
later phase to maintain performance. Additionally, jump heights
were significantly lower in the stretched compared to the non-
stretched condition.These findings suggest that while 60 seconds
of static stretching before explosive movements may impair neu-
romuscular efficiency, ensuring proper and balanced static
stretching for all muscle groups could help mitigate over-reliance
on individual muscles.

Key words: Neuromuscular control, muscle synergy, electromy-
ography, explosive performance.

Introduction

Static stretching, a key component of pre-exercise routines,
is commonly used to improve flexibility, enhance perfor-
mance, and prevent injury(Reid et al., 2018; Zhu et al.,
2022). However, extensive research over the past 25 years
suggests that prolonged static stretching negatively affects
performance, especially in strength- and power-based ac-
tivities(Behm et al., 2016; Gurjao et al., 2009; Thomas et
al., 2023). For example, Kay and Blazevich argue that
holding static stretches for 60 seconds or longer can reduce
muscle tension and neural drive, thereby inhibiting force
output and explosive power (Kay and Blazevich, 2012),
which prompt athletes and coaches to reconsider the suit-
ability of static stretching during warm-up, especially its

effects on neuromuscular control strategies.

In complex motor tasks, muscle synergies are con-
sidered as crucial for achieving effective neuromuscular
control(Mulla and Keir, 2023). Muscle synergies refer to
the coordinated action of multiple muscle groups working
together to complete specific tasks(Safavynia et al., 2011).
This theory indicates that the nervous system simplifies
motor control by assigning different weightings to muscles
to form coordinated actions(Gentner and Classen, 2006).
Research by Frére et al indicates that muscle synergies are
relatively stable across various motor tasks contributing to
improved movement efficiency and reduced injury
risk(Frére and Hug, 2012). However, it remains unclear
whether static stretching affects these muscle synergies,
particularly in power-demanding movements like the squat
jump (SJ)(Avloniti et al., 2016).

Most existing studies have focused on the effects of
static stretching on individual muscle force production and
neural drive. Behm and Chaouachi found that static stretch-
ing significantly reduces muscle force output and reaction
speed,impairing overall performance(Behm et al., 2011).
Mulla and Keir further noted that the negative effects of
static stretching are particularly pronounced when dynamic
warm-up is absent, potentially leading to delayed muscle
activation and reduced movement coordination(Behm et
al.,2021). However, these studies merely confine to the ex-
amination physiological characteristics of single muscles
or muscle groups without digging up the broader impact of
static stretching on multi-muscle synergies. Neuromuscu-
lar control is a complex process involving the coordination
of multiple muscles. In accordance with researches of
Nishida et al, muscle synergies between different muscles
can effectively reduce the complexity of motor control, en-
abling the central nervous system to achieve optimal coor-
dination across multiple muscle groups(Nishida et al.,
2017). Therefore, it will provide valuable insights into its
impact on neuromuscular control strategies to investigate
the effects of static stretching from the perspective of mus-
cle synergies.

The squat jump, a typical explosive movement, is
widely applied in assess lower limb strength and neuro-
muscular coordination(La Torre et al., 2010; Li et al., 2024;
Van Hooren and Zolotarjova, 2017). During the jump,
multiple muscle groups must work synergistically to gen-
erate sufficient power and maintain stability throughout the
movement. The formation of muscle synergies in such
tasks relies not only on inter-muscular coordination but
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also on precise neural drive. However, it lacks thorough re-
search on the potential impact of static stretching on mus-
cle synergies during the squat jump.

In light of this, this paper will initially apply static
stretching to the analysis of muscle synergies. By compar-
ing the differences in neuromuscular control strategies be-
tween the static stretching and the non-stretching during
the squat jump, this paper will target at revealing the influ-
ence of static stretching on multi-muscle synergies. On the
basis mentioned above, the study hypothesizes: Static
stretching will not effectively alter the quantity of muscle
synergies during the squat jump, but may transform the rel-
ative contribution and activation timing of individual mus-
cles within the synergies.

Methods

Study population

A total of 25 highly active males (a priori power analysis:
a=0.05, B =0.8; mean age: 22.5 + 1.3 years; height: 177.3
+ 5.4 cm; weight: 68.2 + 7.1 kg) were recruited for this
study. Given the non-linear nature of the muscle synergy
data, traditional power analysis using G*Power was not
deemed appropriate. Instead, the sample size was deter-
mined based on a combination of practical considerations
and previous research findings in the field of muscle syn-
ergies. Specifically, a minimum sample size of 24 partici-
pants was chosen to ensure sufficient statistical power to
detect significant differences in muscle synergies, as sug-
gested by similar studies (Frére and Hug, 2012; Gentner
and Classen, 2006). To further enhance the robustness of
the study, the sample size was increased to 25 participants.
None of the participants had a history of lower limb injury
or neurological disease. Each participant completed exper-
iments under both a static stretching condition and a non-
stretching condition. SS performed 60 seconds of stretch-
ing of lower extremity muscles, including the quadriceps,
hamstrings, and triceps surae, prior to jumping. All sub-
jects signed an informed consent form before participating
in the experiment, which was approved by the Ethics Com-
mittee of Jeonbuk National University (JBNU2024-09-
015-002).

Study design

This study employed a randomized crossover experimental
design, in which experiments were conducted under both
static stretching and no stretching conditions. Each subject
performed five repetitive Squat Jump (SJ) trials in each ex-
perimental condition. The order of the experiments was de-
termined by random draw to ensure reliability and fairness
of the results. The SJ trials were divided into distinct take-
off phases, and neuromuscular control strategies were ana-
lyzed under varying conditions by acquiring electromyog-
raphy (EMG) signals and kinematic data. The phases of the
SJ jumps were delineated using Visual 3D biomechanical
analysis software, with differentiation criteria as follows:
El refers to the preparation for the movement; E2 spans
from the initiation of the movement until the athlete
achieves a knee flexion angle of 90; E3 represents the peak
jump height during the knee's transition from flexion to ex-
tension. The aforementioned criteria constitute the com-
plete SJ jump take-off phases test.

Experimental preparation

All evaluations were performed using a 3D motion track-
ing system equipped with 13 infrared cameras (Prime 17
W, OptiTrack, Natural Point, Inc., Corvallis, Oregon,
USA), with the capture rate set to 100 Hz. 14-mm-diameter
reflective markers were strategically placed at key anatom-
ical points on the participants' lower limbs, for a total of 20
markers. Ground reaction forces were recorded at a sam-
pling frequency of 1200 Hz using an OR6-6-2000 force
platform (Advanced Mechanical Technology, Inc., Water-
town, MA, USA). The electrical activity of the biceps
biceps femoris (BFL), triceps surae(TS), rectus femoris
(RF), vastus lateralis (VL) and vastus medialis (VM) mus-
cles of the main leg was recorded by an EMG device
(Trigno Avanti Sensor, Delsys, Natick, MA, USA) at a
sampling rate of 1200 Hz. Electrodes were placed at the
mid-belly of each muscle following SENIAM guidelines,
with inter-electrode spacing of 10 mm and aligned parallel
to muscle fiber orientation to ensure accurate signal acqui-
sition. Each Trigno Avanti Sensor (37 mm % 27 mm x 13
mm, 14 g) consisted of a dual differential EMG sensor with
silver-striped electrodes (5 mm % 1 mm, inter-electrode
distance: 10 mm), a common mode rejection ratio of 80 dB,
an amplifier gain of 909, and an analog Butterworth filter
with a bandwidth of 20 - 450 Hz. Prior to placing the elec-
trodes, the corresponding skin sites were shaved with an
abrasive gel and then cleaned with alcohol. Synchroniza-
tion data were collected from the motion capture system,
force platform and EMG system using Motive 2.2.0 soft-
ware (OptiTrack, Natural Point, Inc., Corvallis, OR, USA).

Test program

All participants underwent a 5-minute dynamic warm-up
on a motorized bicycle (Swedish Monark 894E Wingate
test bike ergometer) at 60 rpm and 1kp (70 W) resistance.
After the warm-up, a 5-minute rest period was allotted to
allow body temperature and oxygen consumption to return
to normal(Bishop, 2003). The SJ jump test was conducted
3 minutes after the completion of the static stretching in-
tervention. The static stretching intervention targeted the
quadriceps, gastrocnemius, and hamstring muscles, while
a control group received no stretching. A washout period
of more than 24 hours was implemented between sessions
to avoid baseline effects(Hopkins, 2000).

Intervention

During static stretching, the target muscles (gastrocnemius,
hamstrings, and quadriceps) were stretched in a random-
ized order. The selection of these muscles was based on
previous studies(La Torre et al., 2010; Li et al., 2023). The
static stretching protocol, based on Chen et al.(Chen et al.,
2023; Reid et al., 2018), involved two repetitions of
the static stretching exercise for each muscle group of each
leg, with each exercise lasting 30 seconds interspersed with
a 15-second passive rest period, for a total cumulative
stretching time of 60 seconds for each muscle group. The
stretches were calibrated to a threshold of discomfort but
did not result in pain. Subsequently, active quadriceps and
hamstring stretches were performed in an upright position.
For the quadriceps, participants leaned one hand against a
wall and bent the knee of the target leg to 90°for balance.
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Figure 1. SJ 90° jump test.

The ipsilateral hand grasps the ankle and gently pulls the
heel toward the gluteus area to ensure proper extension.
Hamstrings stretches are performed by placing one leg on
a step with the knee slightly bent and leaning forward from
the hip until a stretch is felt. The triceps surae stretch in-
volves the participant in the supine position with the exper-
imenter assisting with foot dorsiflexion to achieve the de-
sired stretch.

SJ 90° jump test

In the SJ90° jump test, participants were instructed to start
from a standing position on the force plate in a preparatory
stance. They then flexed their knees to a 90° angle and in-
itiated the jump from this position, emphasizing explosive
power during the take-off phase to reach the maximum
height (Figure 1). Prior to the actual test, participants com-
pleted a practice jump to become familiar with the proce-
dures. To standardize the initial position, participants stood
in the designated jump area with their feet shoulder-width
apart, hands positioned in front of their chest, and knees
flexed to 90 degrees. During the jump, participants were
instructed to maintain their hands in front of their chest to
minimize the influence of arm swing on jump performance.
After holding the 90°squat position for approximately one
second, participants were directed to jump vertically as
quickly and forcefully as possible. This setup was designed
to reduce the contribution of elastic muscle elements and
reflex responses in jump performance (Bojsen-Moller et
al., 2005). For temporal activation analysis, the percentage
phases of the squat jump were defined as follows: 0-18%
represents the isometric holding phase (participants main-
tained a 90° knee flexion position as a static preparation
phase); 18%-40% corresponds to the initial push-off phase
(transition from static position to upward thrust); 40%-85%
represents the maximal push-off phase (primary force gen-
eration and takeoff); and 85%-100% represents the flight
phase (body completely airborne after takeoff).

Data processing and analysis
EMG data from each conditions jump phase intercepted

according to kinematic stages were imported into Python
for processing. The EMG signals were band-pass filtered
(10-500 Hz, Butterworth filter, 4th order), The root mean
square (RMS) with a 10 ms window was applied to smooth
the EMG signals (Santos et al., 2012; St-Amant et al.,
1998). Electromyography signals were normalized using
electro myography signals from a maximal voluntary con-
traction (MVC) as a reference. Three different experiments
for MVC were executed for each separate muscle, with
Imin rest between examinations. MVC tests were con-
ducted using standardized isometric contractions: for the
vastus medialis (VM) and vastus lateralis (VL), partici-
pants performed a maximal knee extension against re-
sistance; for the rectus femoris (RF), participants executed
a maximal hip flexion against resistance; for the biceps
femoris (BFL), participants performed a maximal knee
flexion against resistance; and for the triceps surae(TS),
participants executed a maximal plantar flexion while
seated with resistance applied to the foot.

The experiments were performed with the segments
positioned in that each muscle has an intervention as pref-
erential agonist developing its maximal intensity of activa-
tion (VencesBrito et al., 2011). After doing the same RMS
processing on the collected MVC data, the collected exper-
imental data was normalized using MVC data. For each
subject and the two conditions (intervention and non-inter-
vention), the two datasets with the highest correlations
(where all muscle correlations were greater than 0.9) were
selected for co-extraction (Aoyama et al., 2022).

Non-negative matrix factorization (NMF) was ap
plied to decompose the pre-processed EMG signal matrix
to decompose and derive muscle synergies. The algorithm
mic formulation is as follows(Lee and Seung, 1999; Russo
et al., 2024).

Mpxr = WpxnHnxt + Epxt)
IIM — WHiIlggo,
W=>0,H=>=0,

min

The EMG matrix is an initial matrix of D rows and T
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columns (T = 5 is the number of muscles, and D = 100 is
the number of normalized time points). W is a matrix com-
prising D rows and N columns (N is the number of muscle
synergies), and H is a matrix comprising N rows and T col-
umns. E is defined as the difference between the initial and
reconstructed EMG matrices. The algorithm is based on it
relatively updating the initial random guesses for H and W,
converging to a locally optimal matrix decomposition. The
algorithm is repeated at least 20 times for each subject to
avoid local optimal solutions. The overall optimal solution
(i.e., minimizing the squared error between the initial and
reconstructed EMQG patterns) was retained.

Using the algorithm, the pre-processed EMG matri-
ces for each subject’s two conditions jump were decom
posed into muscle synergy weighted (W) and activated (H)
matrices based on temporal order. The term ‘motor mod-
ule’ refers to the muscle synergy weighted matrix (W),
whereas ‘motor primitives’ refers to the activation matrix
(H). Each motor module is represented as an (N x T) vec-
tor, with its components reflecting the relative contribution
(weight) of each muscle to that specific synergy, and the
corresponding motor primitives indicate the module’s acti-
vation patterns over the time series.

There are two common approaches for determining
the number of synergies, both requiring the variance ac-
counted for (VAF) to be calculated first (Figure 2). The
first approach is to choose the number of synergies that ac-
count for more than 0.9 of the VAF (Torres-Oviedo and
Ting, 2010),whereas the second approach uses the inflec-
tion point of the best linear fit result as the criterion(Clark
et al., 2010). The average total VAF was defined as fol-
low :

L(X-WH)?
VAF = (1 — T) X 100%
To determine the number of muscle synergies, VAF from
1 to 9 was calculated based on the number of muscles sam-
pled. And, VAF two conditions jump for each subject at
each number of synergies was calculated to ensure that the

muscle synergies accurately explained the neuro muscular

control strategy at two conditions jump for each subject.
When the motor module was 2, the ASS group’s VAF =
0.965 £ 0 .030, and the CON group’s VAF =0.969 £ 0.030.

As aresult, we limited the number of synergistic el-
ements (N) to 2 and extracted the motor modules and motor
primitives for muscle synergism when subjects two condi-
tions jump.

The k-means clustering algorithm was utilized to
classify the motor modules retrieved from each jump for
the 25 subjects. Since VAF indicates that there are 2 motor
modules, K was set to 2. Considering that the initial clus-
tering center of mass influences the k-means solution, ran-
domness was reduced by repeating the process 50 times
with different initial centers of mass. Profile scores were
computed for all clustering out comes to assess the optimal
clustering result. The result with the highest profile score
was selected as the optimal clustering outcome, and motor
modules with their corresponding motor primitives were
outputted. Each conditions jump was clustered using this
approach, and the motor modules and motor primitives for
all conditions were obtained.

Statistical analysis

To investigate the effects of static stretching on neuromus-
cular control strategies during the jump phase, this study
employed paired-sample t-tests and Statistical Parametric
Mapping (SPM) to analyze muscle weightings and
temporal activation characteristics. Prior to conducting the
paired-sample t-tests, the normality of the data was
assessed using a normal distribution test. If the data did
not meet the normality assumption, a nonparametric test
was utilized instead. Cohen’s d effect sizes were calculated
to quantify the magnitude of the differences, with
descriptors defined as follows: trivial (d < 0.2), small (0.2
<d<0.5), moderate (0.5<d<0.8), and large (d > 0.8).
Additionally, paired-sample t-tests were conducted to ana-
lyze differences in jump height. The level of statistical sig-
nificance was set at p <0.05 for all tests. All statistical anal-
yses were performed using PyCharm Community Edition
2024.2.3.
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Results

The movement modules during the take-off phase for all
participants in both groups are illustrated in Figure 3. Each

group demonstrated two distinct movement modules, with
specific dominant muscles associated with the take-off
phase. In movement module 1 (M1), paired t-tests on the
muscle weightings indicated no significant differences in
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the weightings of the biceps femoris, triceps surae, rectus
femoris, or vastus lateralis between the two groups (Figure
4).

The vastus medialis weighting in the SS was signif-
icantly higher than that in the NS (p <0.05, d = 1.223). In
movement module 2, no significant differences were ob-
served in muscle weightings between the groups (p > 0.05);
however, the overall muscle weightings in the NS were
greater than those in the SS (Figure 5).

Characteristics of movement primitives

In movement primitive 1, the activation level in the NS
during the 18%-40% phase was significantly higher than
that in the SS (p < 0.001, d = 1.127). Conversely, during
the 85% - 100% phase, the SS exhibited significantly
higher activation levels compared to the NS (p < 0.001, d
= 1.329) (Figure 6). In movement primitive 2, the SS
demonstrated significantly lower activation only during the
75%-100% phase compared to the NS (p <0.05, d = 0.846).
Additionally, jump heights were significantly lower in the
stretched compared to the non-stretched condition (p <
0.05,d =0.65).
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Discussion

This study investigated the effects of 60 seconds of static
stretching on neuromuscular control strategies during the
deep squat jump (SJ) in active male adults, specifically
comparing the stretching with the non-stretching. The anal-
ysis of muscle synergistic patterns revealed that both
groups exhibited two stable muscle synergistic patterns
during jumping, with the number of synergies remaining
consistent across both groups. This finding aligns with

Frére et al.'s study, which noted that even when subjected
to specific interventions such as static stretching, the sta-
bility of muscle synergy patterns remains high across mo-
tor tasks, and the quantity of muscle synergy does not
change readily(Frére and Hug, 2012).

Further synergistic decomposition results indicated
that the two motor modules were activated sequentially and
reached their peaks at different times. Specifically, the pri-
mary muscle contributions in Model 1 were from the vastus
medialis, vastus lateralis, and rectus femoris muscles,



Guo et al.

201

while the triceps surae muscle exhibited the highest contri-
bution in Model 2. Notably, all muscles in the NS demon-
strated greater contributions than those in the SS. This find-
ing aligns with the research conducted by Kay and Young
, which suggested that static stretching may result in a de-
crease in muscle activation levels, thereby impacting over-
all athletic performance(Kay and Blazevich, 2012;
Montalvo et al., 2022; Young et al., 2001).Reduced muscle
tone and neural drive following static stretching may have
been the primary reason for the diminished contribution of
each muscle in the SS, particularly in mode 2(Bradley et
al., 2007; Hough et al., 2009). This study represents the
first exploration of the effects of static stretching on the
synergistic activation of multiple muscle groups through
the framework of muscle synergy patterns, thereby ad-
dressing a significant gap in this area of research.

The results of the present study align with those of
Nishida et al, who observed that the overall number of syn-
ergistic patterns remained stable across various motor tasks
(e.g., changes in muscle activation strategies during run-
ning)(Nishida et al., 2017). However, the degree of contri-
bution of specific tasks to individual muscles was influ-
enced by these variations. Static stretching may have mod-
ified the contribution of certain muscles, particularly in
mode 2, where the muscles in the NS generally exhibited
greater contributions than those in the SS. This finding sug-
gests that unstretched muscles maintain a higher neural
drive, resulting in a more balanced activation pat-
tern(Yamaguchi et al., 2006).

In Mode 1, the contribution of the vastus medialis
femoris was significantly higher in the SS compared to the
NS, which contradicts the findings of Yamaguchi et
al(Yamaguchi et al., 2006), who demonstrated that static
stretching typically inhibits the activation of the quadri-
ceps. However, the increased VM contribution observed in
the SS in this study may be attributed to the lower activa-
tion level at the onset of the jump following static stretch-
ing, which led to compensatory activation of the muscle at
a later stage. This is reflected in the temporal activation
profile of the H-matrix, which indicates that the activation
level of the SS was significantly higher than that of the NS
during the 85% - 100% phase of Mode 1. This compensa-
tory activation may result from a reduced neural drive as-
sociated with static stretching, leading the VM to assume a
greater load to compensate for the diminished contribution
of other muscles.

This phenomenon aligns with the neural theory pro-
posed by Todorov et al, which posits that specific muscles
are regulated by the nervous system to sustain task perfor-
mance through compensatory activation(Todorov and
Jordan, 2002). The significant activation of the VM in the
SS can be interpreted as a compensatory response of the
central nervous system to static stretch disturbances. Re-
garding the temporal activation characteristics, SPM anal-
ysis indicated that the NS in Mode 1 exhibited significantly
higher activation levels than the SS during the 18%-40%
phase. This finding suggests that the unstretched muscles
were capable of activating earlier and with greater intensity
in the initial phase of the jump. This may be attributed to
the fact that muscles that have not undergone static stretch-
ing exhibit higher neural drive and greater muscle elastic-

ity, resulting in a more efficient power output during the
initial phases of the jump(Gesel et al., 2022).Power et al
showed that static stretching significantly reduced jumping
and strength performance over a short period of time,
which is consistent with the findings of this study(Power et
al., 2004). In contrast, the SS demonstrated a higher level
of activation during the 85% - 100% phase, likely as a com-
pensatory mechanism for the reduced activation observed
at the jump's onset. This phenomenon can be elucidated by
the findings of Fowles et al, which indicate that muscles
subjected to static stretching require a longer duration to
return to optimal force output, thereby exhibiting compen-
satory activation later in the activity(Fowles et al., 2000).

In Mode 2, the activation level of the NS during the
75% - 100% phase was significantly higher than that of the
SS, further supporting the hypothesis that static stretching
may reduce neural activation efficacy. This finding aligns
with the research of Behm and Chaouachi, which indicates
that static stretching results in a short-term decrease in
power output and reaction speed(Behm and Chaouachi,
2011). Although no significant difference in muscle contri-
bution was observed between the two groups in Mode 2,
the NS demonstrated higher weights per muscle compared
to the SS, highlighting the inhibitory effect of static stretch-
ing on overall muscle activation. Matsuo et al. study further
supports the effect of static stretching on muscle tone and
elasticity, which may lead to a reduction in neural actua-
tion(Nakamura et al., 2013).

Static stretching, by decreasing muscle elasticity
and neural sensitivity, may lead to higher activation levels
being required later in the task to achieve the desired out-
come(Sasajima and Kubo, 2024). The study by Fan et al,
although not focused on static stretching, found that vari-
ous tasks in basketball elicited flexible changes in muscle
synergy patterns(Fan et al., 2024). This indicates that the
nervous system optimizes motor performance by modulat-
ing muscle contributions and temporal activation. Con-
sistent with the findings of the present study, the neuro-
muscular system may compensate for the initial lack of ac-
tivation following static stretching by enhancing activation
at a later stage of the jump.

Research limitations

This study analyzed only five major lower limb muscles,
specifically the vastus medialis, vastus lateralis, rectus
femoris, biceps femoris, and . triceps surae. Therefore, fu-
ture research should include additional muscles to achieve
a more comprehensive understanding of neuromuscular
synergy patterns.

This study exclusively included male college ath-
letes, which limits the generalizability of the findings to fe-
male populations, various age groups, and non-athlete co-
horts. Variations in gender, age, and training background
may significantly impact the effects of static stretching on
neuromuscular control strategies. Future research should
incorporate subjects of diverse genders, age groups, and
training backgrounds to investigate the influence of these
variables on muscle synergy patterns.

This study examined the effects of 60 seconds of
static stretching, without addressing the impact of varying
durations or intensities of stretching. The duration and
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intensity of static stretching may influence muscle synergy
patterns differently. Future research should investigate the
effects of static stretching at various durations (e.g., 30 sec-
onds, 120 seconds) and intensities on neuromuscular con-
trol to enhance the formulation of effective stretching strat-
egies for athletes and coaches.

Conclusion

1. Static stretching did not change the overall number of
muscle synergies, but primarily affected specific mus-
cle contributions and temporal characteristics.

2. The effect of 60 seconds of static stretching on neuro-
muscular control was evidenced by increased activation
of specific muscles, such as the medial femoral mus-
cles, in mode 1. The decreased activation of the rectus
femoris and vastus lateralis muscles necessitates
greater involvement of the medial femoris to sustain
movement stability and coordination. This observation
suggests that the neuromuscular system can maintain
an overall control strategy through local muscle adap-
tation and compensation.

3. Temporal Activation Characteristics: The H-matrix re-
sults indicated that static stretching modified the neu-
romuscular control strategy during the jumping phase,
particularly in the temporal sequence of the movement.
This effect was primarily observed as higher activation
levels in the NS during the early phase and increased
activation in the SS during the late phase of exercise.
Consequently, static stretching may lead to distinct
temporal patterns of neuromuscular regulation during
the jump phase, which could influence overall athletic
performance.

Practical application

1) Optimizing exercise preparation strategies

The present study demonstrates that while static stretching
does not alter the overall number of muscle synergy pat-
terns, it significantly affects the contribution and temporal
activation characteristics of individual muscles. This find-
ing suggests that athletes should exercise caution when us-
ing prolonged static stretching prior to high-intensity, ex-
plosive exercise. Depending on the specific athletic task,
coaches may consider incorporating dynamic warm-ups or
short static stretches to ensure that muscles are activated
quickly and efficiently during jumps or other explosive ma-
neuvers, thereby avoiding delayed activation or loss of
strength in the early stages of the jump.

2) Develop a personalized stretching program

Static stretching does not uniformly affect different muscle
groups. Research has shown that the vastus medialis fem-
oris muscle demonstrates compensatory activation follow-
ing static stretching, indicating that, in certain instances,
static stretching may cause specific muscles to bear an in-
creased load. Consequently, coaches and rehabilitators
should consider individual muscle adaptations when de-
signing a stretching program, paying particular attention to
the duration and intensity of the stretching.

3) Improve muscle activation homeostasis

The results of the present study suggest that unstretched
muscles can participate in exercise more effectively, par-
ticularly at the onset of a jump, where they exhibit higher
levels of activation. In light of these findings, athletes and
coaches should ensure that each muscle is adequately
stretched during static stretching. This practice will en-
hance the balance of the stretching technique and help pre-
vent the performance decline associated with the unbal-
anced activation of individual muscles.
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Key points

e Static stretching for 60 seconds did not alter the overall
number of muscle synergies, but it significantly affected the
contribution and activation timing of individual muscles
during squat jumps, leading to compensatory activation in
the later phases of the movement.

The activation levels of specific muscles, particularly the
vastus medialis, were significantly higher in the static
stretching condition, suggesting compensatory activation
due to reduced early-phase muscle activation following
stretching.

Temporal activation patterns were modified by static
stretching, with the non-stretching condition showing
greater activation during the early phase of the jump, while
the static stretching condition exhibited higher activation in
the later phase, potentially impacting performance out-
comes.

The study highlights the importance of considering the du-
ration and intensity of static stretching in pre-exercise rou-
tines, as prolonged stretching may impair neuromuscular ef-
ficiency during explosive movements.

Proper and balanced static stretching for all muscle groups
could help mitigate over-reliance on individual muscles,
thereby optimizing neuromuscular control strategies and
potentially improving athletic performance.
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