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Abstract
Static stretching (SS) may reduce maximal muscle force and power output, while short-
duration, high-intensity conditioning contractions (CC) have the potential to increase
force and power output. However, the precise effects of CC on athletic performance and
lower limb muscle coordination after SS are not yet fully understood. This investigation
sought to explore the effects of SS (four sets of 30 seconds each) and its combination with
CC (10 repetitive drop jumps), denoted as SC, on the synergy patterns of key lower limb
muscles and jump performance during squat jumps (SJ) executed at two distinct knee
joint starting angles (90◦ and 120◦). Eleven participants were randomly assigned to three
experimental conditions, with each condition encompassing three SJs at both angles. A
three-dimensional motion capture system, force platform, and electromyography (EMG)
systemwere employed to quantify jump height, extract ground contact time, and perform
non-negative matrix factorization. Our findings revealed that at a knee joint starting
angle of 120◦, both SS and SC altered the weighting of the five major muscles (cosine
similarity: SS: r = 0.897; SC: r = 0.767) and augmented the activity strength of the
primary synergy (SS: 59.6%; SC: 10.48%). Additionally, SC demonstrably advanced the
phase shift (90◦: 14%; 120◦: 61%). Notably, neither SS nor SC exerted a statistically
significant influence on jump height (p > 0.05). However, SS significantly increased
ground contact time (p = 0.029). In conclusion, at a knee joint angle of 120◦, both
SS and CC were observed to alter lower limb muscle synergy patterns and influence
ground contact time. While SS led to an increase in ground contact time, CC effectively
countered this rise. These findings suggest that athletes in disciplines demanding rapid
movements might benefit from omitting SS in isolation during warm-ups or consider
combining SS with CC to optimize performance.
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1. Introduction

Static stretching (SS) has long been considered an effective
method for improving joint range of motion [1–4]. As a
result, it is commonly employed in pre-exercise preparation
to enhance flexibility and reduce the risk of explosive mus-
culotendinous injuries [1, 5]. However, recent research has
questioned the impact of SS lasting longer than 60 seconds
on athletic performance. Studies have shown that prolonged
SS may adversely affect the maximal contraction force and
power output of muscles [6–9]. For instance, Behm et al.
[6] reported in their review that a total SS duration exceeding
60 seconds could lead to a potential strength loss of up to
5.1%. Similarly, Nakamura et al. [7] found that SS lasting

over 60 seconds significantly reduced the effectiveness of
maximum voluntary isometric contractions. The mechanisms
by which SS impairs performance are hypothesized to involve
both neural and peripheral factors. Neural factors pertain to
a reduction in neural drive [10], while peripheral factors are
believed to result from changes in the mechanical properties of
the muscle-tendon unit itself, specifically decreased stiffness
[11], which subsequently impacts athletic performance.
In contrast to the common effect of SS in reducing

strength performance, short-term high-intensity conditioning
contractions (CC) have been proven to rapidly enhance
muscle strength [12–14]. For instance, Kolinger et al. [12]
found that in male basketball players, isotonic peak torque
significantly increased after performing three sets of 3–4
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repetitions of submaximal loads (60%, 90% and 90% of one
repetition maximum) of barbell squats. Similarly, the study
by dos Santos Silva et al. [13] demonstrated that performing
five consecutive drop jumps prior to an official long jump
competition significantly improved the performance of long
jump athletes. Current research generally attributes this
performance enhancement to an increase in neural activity,
which leads to an increase in the motor units controlled by
motor neurons, changes in Calcium ion (Ca2+) sensitivity due
to increased muscle temperature, and alterations in the angle
of muscle fibers [15, 16].
Similar to the effects of SS and CC, joint angles significantly

influence sports performance. It is now understood that the an-
gles of knee joints affect the functionality of extensor muscles.
In this respect, Garnier et al. [17] discovered that at a knee
flexion of 110◦, the maximal voluntary isometric contraction
force and the induced peak twitch torque of the knee extensors
were significantly higher than at 20◦ of knee flexion, with
average increases of 42 ± 12% and 47 ± 16%, respectively.
Li et al. [18] found that the peak force output by the lower
limbs during squat jumps varies with changes in knee joint
angles. Furthermore, changes in joint angle can interact with
SS, impacting muscle performance. In this context, Nelson et
al. [19] investigated isometric knee extensions across a range
of knee angles and reported that static stretching yielded amore
pronounced negative impact on performance when the knee is
near full extension. La Torre et al. [20] further noted that static
stretching significantly reduces the development of power and
strength during squat jumps, especially when the initial angle
of the lower limbs approaches full extension.
The past decade has witnessed a burgeoning interest on the

impact of SS and CC on athletic performance. For example,
Kümmel et al. [9] found that muscle contractions induced by
electrical stimulation could offset the decline in power output
caused by SS. Meanwhile, Bazett-Jones et al. [18] used leg
press exercises at 90% of one repetition maximum (3 sets of 3
reps) as a form of CC, and they observed that this approach
actually reduced peak force and rate of force development
in isometric squats performed after SS. Although previous
studies have employed various CC methods to explore their
effects on performance post-SS, these methods lack practi-
cal application within competitive settings and have yielded
inconsistent results. Therefore, it is particularly important
to use a CC method that is more applicable in practice to
observe its effects on performance after SS. Moreover, there
is a relative lack of research on how SS, CC, and changes in
joint angles collectively affect the synergy function of lower
limb muscles. Given the significance of SS and CC in exercise
preparation and the widespread use of knee starting angles of
90◦ and 120◦ in various sports [21, 22], this study aimed to
explore the effects of SS and its combination with CC (SC)
on the main muscle synergies and jump performance during
SJ at specific knee joint starting angles. Based on previous
research, we hypothesize that SSmay influence ground contact
time and jump height by altering the contribution, synergy
activity intensity, and phase changes of the primary muscles
of the lower limbs. Conversely, CC might offset the potential
negative impacts of SS by enhancing the contribution and
synergy activity intensity of certain muscles and adjusting the

phase of synergies. Furthermore, we hypothesize that joint
angles may also affect muscle synergy performance, thereby
further influencing ground contact time and jump height.

2. Methods

2.1 Experimental design

This study employed a repeated-measures, balanced crossover
design to assess the impact of different experimental condi-
tions on the weight matrix, characteristic matrix, as well as
ground contact time and jump height for five main muscles
(rectus femoris (RF), vastus medialis (VM), vastus lateralis
(VL), lateral gastrocnemius (LG), and biceps femoris, long
head (BFL)). Participants were randomly assigned to three
experimental treatments: control, stretching intervention, and
combined intervention. Each treatment consisted of SJ tests
at two initial knee joint angles (90◦ and 120◦). A washout
period of 2 to 7 days, during which no training was conducted,
was set between each experiment to avoid carryover effects.
To control the influence of circadian rhythm on the results,
all experimental sessions for participants were scheduled at
the same time of day. Sample size calculation was conducted
using G*Power 3.1.9.7 software (Heinrich Heine University
Düsseldorf, Düsseldorf, Germany; α = 0.05, β = 0.8), indicat-
ing a minimum requirement of nine participants. To enhance
statistical power, a total of 11 participants were recruited for
the study.

2.2 Participants

This study involved 11 male collegiate athletes (mean age =
23.73 (standard deviation (SD) ± 1.49 years); mean height =
177.91 (±4.11 cm); mean body mass = 69.93 (±6.59 kg)) who
voluntarily participated and had no history of neuromuscular
diseases in the past 6 months. Their usual training frequency
averaged four times per week, each session lasting between
2.5 to 3 hours. Prior to their first visit to the laboratory,
all participants were fully informed about the experimental
procedures and potential risks and signed a written informed
consent form. The experiment required participants to avoid
intense physical activities and alcohol consumption 48 hours
before the scheduled experimental assessments, abstain from
caffeine intake 8 hours prior, and fast 2 hours before the
experiment.

2.3 Test procedure

All participants initially completed a 5-minute dynamic warm-
up, followed by a 5-minute rest period to regulate body tem-
perature and oxygen consumption. The testing procedure post-
warm-up was as follows: the control group (CG) directly
proceeded to the SJ tests; the SS group (SSG) rested for 3
minutes after completing the SS intervention, then performed
the SJ tests; the SS and CC group (SCG) waited for 3 minutes
after completing SS, then carried out CC. Considering the time
effect of activation [16], the SCG conducted the SJ tests 4
minutes after the completion of CC.
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2.4 Intervention
SS: This study employed the SS protocol described by Chen

et al. [23], aimed at stretching commonly targeted muscle
groups during warm-ups such as the triceps surae, hamstrings,
and quadriceps. The stretching regimen involved four stretches
for eachmuscle group on each leg, each lasting 30 secondswith
a 15-second rest in between, totaling 120 seconds. Stretching
was calibrated to the threshold of discomfort without crossing
into pain. The specific stretching maneuvers are as follows:
For the quadriceps, participants balanced themselves with one
hand on a wall, the leg intended for stretching bent at the knee
to 90◦, and the same-side hand grasping the ankle to gently
pull towards the buttocks to achieve the appropriate stretch.
Stretching of the hamstrings was performed by placing one
leg on a step, knee slightly bent, and leaning forward from
the hips until a stretch was felt. The triceps surae stretch
was conducted in a supine position, with an experimenter
assisting in dorsiflexion to achieve the desired stretch effect.
For specific details and implementation methods of SS, refer
to the study of Li et al. [18].
CC: For the CC intervention, this study used 10 repetitive

drop jumps (DJ), amethod validated in previous studies [9, 24].
Each participant’s optimal starting ground clearance height
was predetermined before their initial laboratory visit. During
the experiment, participants were required to complete 10
jumps, maintaining a 30-second interval between each jump.
Participants were instructed to perform each jump with maxi-
mal effort to achieve optimal jumping performance.

2.5 SJ assessment
SJ tests were conducted on a professional force platform (Ad-
vanced Mechanical Technology, Inc., Watertown, MA, USA).
Before the test, participants were asked to stand with their feet
aligned and hands placed on their hips, then maintain a squat
position for about 1 second at the designated knee joint angle to
minimize the impact of arm swinging and the muscle stretch-
shortening cycle on jump performance. Jump angles (90◦ and
120◦) were accurately measured using an electrogoniometer
(TSD130B, Biopac Systems Inc., Goleta, CA, USA). Three
maximal intensity SJ tests were conducted at each knee joint
angle, with a 60-second interval between each test and a 3-
minute interval between tests at different starting angles. To
mitigate the influence of potential confounding variables asso-
ciated with post-activation performance enhancement [15], a
standardized testing sequence was employed. This sequence
commenced with the 90◦ knee joint angle assessments, fol-
lowed by the 120◦ knee joint angle assessments.

2.6 Data recording
SJ tests were recorded using a three-dimension motion cap-
ture system equipped with 13 infrared cameras (Prime 17 W,
OptiTrack, Natural Point, Inc., Corvallis, OR, USA), set at
a sampling rate of 100 Hz. Participants’ lower limbs were
affixed with 20 reflective markers, each 14 mm in diameter, to
facilitate motion capture. Concurrently, ground reaction force
datawere collected by the force platform at a frequency of 1000
Hz. Surface electromyography (EMG) datawas acquired using

a Trigno Avanti Sensor system (Delsys, Natick, MA, USA)
at a sampling frequency of 1000 Hz. This system recorded
the electrical activity of the five major muscles (RF, VM, VL,
LG and BFL) in the dominant leg. The electrodes for the RF
were positioned at 40% of the line connecting the superior
side of the patella to the anterior superior iliac spine; VM
electrodes were placed at a point 25 mm away from the end
of the muscle belly at a 50◦ angle to the line connecting the
medial side of the patella and the anterior superior iliac spine;
VL electrodes were located at the distal end of themuscle belly,
20 mm along the line at a 20◦ angle from the lateral side of
the patella to the anterior superior iliac spine; LG electrodes
were positioned at 85% of the line from the lateral side of the
Achilles tendon insertion to the lateral side of the popliteal
cavity; and BFL electrodes were located at 80% of the line
from the ischial tuberosity to the lateral side of the popliteal
cavity. Prior to sensor attachment, the skin was prepared by
shaving and disinfecting with an alcohol solution, followed
by the application of abrasive gel to ensure stable sensor
adhesion. Each Trigno Avanti sensor (size 37 mm × 27 mm
× 13 mm, weight 14 g) was equipped with a dual-differential
EMG sensor with silver bar electrodes (5 mm× 1 mm, 10 mm
inter-electrode distance), a common mode rejection ratio of 80
dB, and an amplifier gain of 909. All equipment data were
synchronized using Motive 2.2.0 software (OptiTrack, Natural
Point, Inc., Corvallis, OR, USA).

2.7 Data processing
Data on vertical ground reaction force and vertical displace-
ment of the center of mass were analyzed using Visual3D
Setup x64 v2022.9.1 software (C-Motion, Inc., Germantown,
MD, USA). The start and end of the movement were defined
as the moment when the force value exceeded five standard
deviations of the flight phase force and the moment when
the force dropped to 20 Newtons, respectively. To improve
data accuracy, the force-time curve was processed through a
17-Hz bidirectional fourth-order Butterworth low-pass filter,
and the displacement-time data were smoothed using a 6-Hz
bidirectional fourth-order Butterworth low-pass filter [18]. For
each experimental condition, two sets of data with the highest
internal consistency coefficient exceeding 0.8 were selected
for in-depth analysis, and their 95% confidence intervals were
calculated. These selected data were used to calculate ground
contact time from the start to the end of the movement and
jump height, the latter determined by the difference in height
between the center of mass at the jump apex and standing
position. To ensure data reliability, the technical measurement
error percentage for ground contact time and jump height was
calculated to ensure the technical measurement error percent-
age was less than 10% [25]. For reliable comparison, jump
height values were normalized to body mass.
EMG raw data, after processing through a 20–480-Hz band-

pass filter (Butterworth, fourth-order), were full-wave rectified
and low-pass filtered at 10 Hz to calculate the EMG envelope.
Post-processed data were normalized to 101 sampling points
and normalized to the maximal EMG activity during the move-
ment. Processed EMG data of the five muscles were grouped
according to the experimental design (group × angle) and
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muscle synergies were extracted using the non-negative matrix
factorization (NMF) algorithm [26, 27]. The NMF algorithm
assumes that muscle activation patterns are composed of a
linear combination of several basic muscle synergy patterns
(W), with the activation intensity of each pattern determined
by different coefficients (C). W and C matrices were updated
over 3000 iterations to minimize the residual error between the
original datamatrix and the reconstructed datamatrix (W×C).
To eliminate bias during initial value selection, the model with
the highest variance accounted for (VAF) after 20 runs of the
NMF algorithm was selected, and the weight and activation
coefficient matrices were normalized to ensure each weight
was a unit vector. Muscle synergies for each experimental
condition were determined based on the principle of explaining
at least 90% of the total VAF [26] (see Table 1). All analyses
were conducted using R 4.3.2 (R Foundation for Statistical
Computing, Vienna, Austria) software.

2.8 Statistical analysis

For each experimental condition, K-means clustering anal-
ysis was performed on the data of the same muscle across
all participants (a total of five muscles), with the number
of clusters set to 1. This analysis aimed to determine the
overall synergy (SYN) weight of the first synergy under each
condition. Furthermore, the similarity of SYN weights un-
der different conditions was assessed using cosine similarity
analysis. During this analysis, the similarity threshold was
set at 0.9, indicating that a cosine similarity of 0.9 or higher
represents a high degree of similarity between two muscle
synergy patterns [28]. The analysis of jump height and ground
contact time data employed a two-factor mixed-effects model
with random intercepts, where group and angle were factors,
to explore intergroup differences. Model selection was based
on the likelihood ratio test, with the significance level set at p
< 0.05. When significant variations were found (p < 0.05),
subsequent tests were conducted using Bonferroni corrections
for multiple comparisons. All data were subjected to Shapiro-
Wilk testing prior to significance analysis and conformed to
the normal distribution assumption (p > 0.05). Statistical data
were presented as mean± standard deviation, and all analyses
were performed using R 4.3.2 (R Foundation for Statistical
Computing, Vienna, Austria).

3. Results

3.1 The weightings for muscles in muscle
synergies

Table 2 presents the cosine similarities of SYN weights across
various experimental conditions. Fig. 1a illustrates the weights
of the five muscles within the SYN under different conditions.
At a knee joint starting angle of 120◦, the cosine similarity
between CG and SSG was r = 0.897. SS resulted in a decrease
in the weights of RF, VL and BFL. The most significant
decrease was observed in VL, while the weights of VM and
LG increased, with VM exhibiting the most notable rise. The
cosine similarity between the CG and the SCG was r = 0.71.
CC caused a reduction in the weights of RF, VL and BFL, with
the most prominent decrease occurring in BFL. Conversely,
CC led to an increase in the weights of VM and LG, with
LG experiencing the strongest rise. The cosine similarity
between SCG and SSG was r = 0.767. Furthermore, within the
SSG, the cosine similarity between the conditions at 90◦ and
120◦ was r = 0.803. As the initial knee joint angle increased
to 120◦, the weights of all muscles except VM decreased,
with VL exhibiting the most substantial reduction, followed
by LG. Within the SCG, the cosine similarity between the
90◦ and 120◦ conditions was r = 0.848. Similarly, when the
angle increased to 120◦, the weights of all muscles except LG
decreased, with BFL showing the most significant decrease,
followed by RF. High cosine similarity values were observed
across other group comparisons not explicitly mentioned here.

3.2 Main peak timing and magnitude of
activation patterns

Fig. 1b provides detailed information on the characteristic
values of SYN under each experimental condition. Table 3
displays the peak timing of muscle synergy activities under dif-
ferent conditions. Following the method used in Lee et al. [6],
we employed the relative change rate ([pre-intervention − post-
intervention]/pre-intervention × 100%) to measure changes
in phase shifts and synergy activity intensity before and after
the intervention, setting a threshold of 10% for significant
changes [7]. Specifically, at knee joint starting angles of
90◦ and 120◦, the phase shift in SCG advanced by 14% and
61%, respectively. With the angle increased to 120◦, the
phase shift in SCG advanced by 55%. Additionally, Table 3
details the intensity of muscle synergy activities under each
condition. Activity intensity was determined by calculating
the root mean square during the full width at half maximum,
as shown in Fig. 2. At a knee joint starting angle of 90◦, the
activity intensity in SSG decreased by 0.095, with a relative

TABLE 1. Cumulative percentage of variance explained by the first five synergistic components in different groups at
two knee starting angles.

Knee starting angle (°)
Condition 90° 120°
CG 94.5 97.2 98.6 99.3 99.5 91.5 97.1 99.0 99.5 99.6
SSG 92.6 96.6 98.4 98.9 99.2 95.3 97.6 98.6 99.2 99.5
SCG 92.1 97.0 98.3 98.9 99.3 93.9 96.7 98.7 99.3 99.6
CG: Control Group; SSG: Static Stretching Group; SCG: Static Stretching & Drop Jump Combined Group.
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TABLE 2. Cosine similarity between the weight vectors of five muscles under different conditions.
Angle Group 90° 120°

CG SSG SCG CG SSG SCG
90°

CG 1.000
SSG 0.944 1.000
SCG 0.997 0.932 1.000

120°
CG 0.944 0.905 0.936 1.000
SSG 0.927 0.835 0.922 0.897 1.000
SCG 0.871 0.803 0.848 0.710 0.767 1.000

CG: Control Group; SSG: Static Stretching Group; SCG: Static Stretching & Drop Jump Combined Group.

FIGURE 1. Muscle synergies extracted from different conditions. (a) The weightings for muscles in muscle synergies (K-
means clustering results). (b) The time-course activation patterns of muscle synergies during a jump cycle. CG: Control Group;
SSG: Static Stretching Group; SCG: Static Stretching & Drop Jump Combined Group; RF: rectus femoris; VM: vastus medialis;
LG: lateral gastrocnemius; BFL: long head of the biceps femoris; VL: vastus lateralis.

TABLE 3. Time to the peak of muscle synergies and root mean square during full width at half maximum (activity
intensity) under different conditions.

Knee starting angle (°)
Parameter Condition 90° 120°
Time to peak

CG 82 74
SSG 73 69
SCG 68 13

Activity intensity
CG 0.692 0.396
SSG 0.597 0.632
SCG 0.636 0.438

CG: Control Group; SSG: Static Stretching Group; SCG: Static Stretching &
Drop Jump Combined Group.
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FIGURE 2. Full-width at half-maximumof peakmuscle synergy activity. Illustrative Diagram of FWHM inmuscle synergy
activity.

difference of 13.71%. At 120◦, the activity intensity in SSG
and SCG increased by 0.236 (59.6%) and 0.042 (10.48%),
respectively. In CG and SCG, when the angle increased to
120◦, the activity intensity decreased by 0.296 (42.79%) and
0.199 (31.24%), respectively. It is noteworthy that under
the 120◦ SCG condition, we observed two significant peaks.
Therefore, we calculated the root mean square values for each
cycle within the two full width at half maximum periods and
summed these root mean square values to determine the total
synergy activity intensity index.

3.3 Ground contact time and jump height
Table 4 displays the means and standard deviations for ground
contact time and jump height. Fig. 3a,b illustrates how dif-
ferent factors affect these variables. For ground contact time,
analysis revealed statistically significant main effects for group
(p = 0.029) and angle (p < 0.001), with no significant inter-
action effect. Multiple comparisons revealed that at a knee
starting angle of 90◦, ground contact time for SSG was sig-
nificantly higher than for SCG (p = 0.001, d = 0.94); at 120◦,
SSG was significantly higher than CG (p = 0.013, d = 0.97)
and SCG (p = 0.029, d = 0.93). Additionally, for CG, SSG
and SCG, ground contact time significantly decreased as the
angle increased to 120◦ (CG: p < 0.001, d = 2.59; SSG: p <

0.001, d = 2.02; SCG: p < 0.001, d = 2). For jump height, the
main effect of angle also showed significance (p< 0.001), but
there were no significant main effects for group or interaction.

Multiple comparisons indicated that in CG, SSG and SCG,
jump height also significantly decreased as the angle increased
to 120◦ (CG: p < 0.001, d = 0.89; SSG: p < 0.001, d = 0.59;
SCG: p = 0.001, d = 0.78).
The upper edge (Q3) represents the upper quartile. The

upper whisker extends to the maximum value plus 1.5 times
the interquartile range (IQR). The central white line indicates
the median. The lower edge (Q1) denotes the lower quartile.
The lower whisker reaches the minimum value plus 1.5 times
the IQR.
Significance analysis for angle effects showing p-values,

F-statistics, and effect size (ηp2). The significance between
different angles within the same group is denoted by asterisks.
Horizontal lines with associated p-values represent significant
differences among the SSG, SCG and CG. CG represents
the control group, SSG stands for the static stretching group,
and SCG denotes the group combining static stretching and
conditioning contractions.

4. Discussion

This study compared the effects of SS and its combination with
CC on the main muscle synergies and jump performance of
the dominant leg during SJ at two specific knee joint starting
angles. Our findings revealed that at a 120◦ knee joint starting
angle, SS led to reduced weights of RF, VL and BFL, while it
increased the weights of VM and LG, and enhanced the activity
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TABLE 4. Important calculations for the jump height and ground contact time, are presented for different groups at
two knee starting angles (mean ± SD). Significance analysis results (A: group effects, p- and F-value) and partial eta

squared (ηp2) are presented in the right column.
Knee starting angle (°)

Parameter Condition 90° 120° Results (A)
Jump height (mꞏkg−1)

CG 0.00636 ± 0.00106 0.00547 ± 0.00092† F (2, 20) = 1.97
SSG 0.00664 ± 0.00119 0.00596 ± 0.00110† ηp

2 = 0.16
SCG 0.00642 ± 0.00082 0.00570 ± 0.00099† p > 0.05

Ground contact time (s)
CG 0.367 ± 0.048 0.258 ± 0.036† F (2, 20) = 11.58
SSG 0.396 ± 0.054 0.297 ± 0.044*† ηp

2 = 0.54
SCG 0.347 ± 0.053 0.262 ± 0.029† p < 0.001

CG: Control Group; SSG: Static Stretching Group; SCG: Static Stretching & Drop Jump Combined Group. *: A
significantly (p < 0.05) different from the CG; †: A significantly (p < 0.05) different from the 90◦.

FIGURE 3. Jump performance values for the three groups (CG, SSG and SCG) under two initial knee-joint angles (90◦
and 120◦). (a) ground contact time, (b) jump height. CG: Control Group, SSG: Static Stretching Group, SCG: Static Stretching
& Drop Jump Combined Group. * indicates the significance between different angles with the same group.

strength of the target synergy. In contrast, CC augmented
the weights of VL and LG, while causing an advanced phase
change in the synergy, significantly altering the impact of
SS on the weight and characteristic matrices. Moreover, it
was observed that in both CG and SCG, compared to the 90◦
condition, the activity intensity was significantly decreased
under the 120◦ condition. These results might explain why SS
and CC did not significantly alter jump height. However, SS
demonstrably increased ground contact time, whereas CC ef-
fectively counteracted this rise in ground contact time induced

by SS.

Previous research has mainly focused on the effects of SS
and CC on the activation level of individual muscles [9, 18],
with little emphasis placed on understanding how they alter
the weights of multiple muscles in synergy. Our study pro-
vides hitherto undocumented evidence that at a 120◦ knee
joint starting angle, SS could decrease the weights of RF,
VL, and BFL while increasing the weights of VM and LG.
Furthermore, CC modified the effects of SS on the weights
of these five muscles, particularly enhancing the weights of
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LG and VM. These changes may be due to SS altering muscle
length [3, 4], affectingmotor unit activation and discharge rates
[29, 30], thereby changing the distribution of muscle weights.
Indeed, the anatomical characteristics of different muscles,
such as origin and insertion points, pennation angles, as well
as compositional differences [2, 31], may lead to different
biomechanical effects of the same stretching action on various
muscles. Considering the action profile of DJs, the execution
of ten repetitive DJs is likely to preferentially activate the LG
muscle [9], thereby significantly increasing its weight, and
might have a compensatory effect on other muscles such as
BFL [32], consistent with the observed findings. Regarding the
changes observed at 120◦, the increase in the initial knee joint
angle might have altered the initial lengths of the main muscles
in the lower limbs [33], thereby affecting the distribution of
muscle weights.
Another key finding of this study was that CC led to an

advanced phase shift in synergy and increased the activity
strength of the target synergy at a 120◦ knee joint starting an-
gle. In contrast, SS showed different activity intensities at 90◦
and 120◦, which has not been previously reported. The phase
advancement and increased activity strength caused by CC
may be related to its role in reducing neurotransmitter failure,
primarily occurring in larger motor neurons. This effect might
improve the efficiency of excitatory synaptic potential trans-
mission at spinal synaptic connections [34], thereby enhancing
the conduction of nerve impulses and the recruitment of higher-
order motor neurons [35]. At 90◦, the decrease in activity
strength caused by SS may be related to the overall decrease in
theweights of the fivemuscles. At 120◦, certainmusclesmight
be in a more favorable position for motor unit activation and
increased discharge rates after SS treatment [29, 30], combined
with changes in muscle length and stiffness [3, 4], which may
have a cumulative effect with the initial length changes at 120◦
[33], leading to prolonged muscle activation times. These
factors together ultimately result in increased activity strength.
In CG and SCG, the decrease in activity strength when the knee
joint angle is increased to 120◦ may be due to reduced muscle
activation time caused by a shorter movement path.
In exploring the impact of SS on ground contact time, pre-

vious research found that 30 seconds of SS increased ground
contact time in DJ [8], similar to the results in this study.
However, in order to definitively exclude the potential for even
shorter static stretching durations (less than 60 seconds) to
exert a negative influence on athletic performance, this study
employed a total SS duration of 120 seconds [36]. The possible
mechanisms for the SS-induced prolongation of ground contact
time include changes in the length and stiffness of the muscle-
tendon unit [3, 4], which may cause length-dependent changes
in calcium ion sensitivity [37] and slower transmission of
force within the muscle [18], thus lengthening ground contact
time. In contrast, CC eliminated the effect of SS on ground
contact time. This finding aligns with previous research,
though some discrepancies exist. For instance, one study
showed that after performing 10 repetitive drop jumps, there
was no observable change in the ground contact time for
the DJ [24]. Conversely, another study found that specific
intensities of dynamic activities could counteract the effects
of SS on sprinting and T-drill agility test performances [38].

Significantly, both studies employed time-based performance
metrics, corroborating the observations of the latter investi-
gation. Notably, our investigation utilized a more concise
and efficient warm-up protocol consisting of ten repetitive
drop jumps, compared to the comprehensive dynamic warm-
up employed in the previous study. Additionally, a potential
distinction between our research and the prior study lies in
the sequential order of interventions. Our investigation im-
plemented SS interventions before CC interventions, whereas
the previous study did not utilize this specific sequence. This
alteration in the order of implementation may contribute to
the discrepancies observed in our study results compared to
existing literature. The potential mechanism by which CC
counteracts the effects of SS might be attributed to its ability
to expedite muscle activation timing. This aligns with our
observation of CC inducing an advanced phase shift within
the synergy. Furthermore, a reduction in ground contact time
was observed when the knee joint angle was increased to
120◦. This phenomenon can likely be explained by a shortened
movement path associated with the increased joint angle.
Regarding jump height, previous research indicated that SS

reduced the jump height in straight-knee DJ, while CC could
counteract this effect [9]. However, our findings diverge from
some previous research in that neither SS nor CC exerted a sta-
tistically significant influence on jump height during SJ. This
discrepancy may be attributable to the distinct types of jumps
employed. While our investigation utilized SJ, prior research
focused on straight-knee DJ, which place a greater emphasis
on ankle joint performance. In the current study, although SS
resulted in a reduction in the weights of primary muscles, it
concurrently extended the activation time of other muscles.
Conversely, CC significantly augmented the contribution of
the LG through its activation. This compensatory effect within
the synergy might explain the absence of a significant change
in jump height. Furthermore, a decrease in jump height was
observed when the knee joint angle was increased to 120◦,
which aligns with previous findings [21]. This might be due
to the higher starting angle leading to a shorter movement
path, reducing the time window for force generation and thus
affecting jump height.
This study has several limitations that should be acknowl-

edged. First, the analysis primarily focused on the first syn-
ergy. While this component explained over 90% of the total
VAF, some details regarding the contributions of other syn-
ergies might have been overlooked. Second, time-domain
and frequency-domain analyses of EMG were not included
in the present study. This limitation restricts our ability to
directly observe the effects of SS and CC on muscle activation
amplitude and frequency. Consequently, our understanding of
these effects relies heavily on previous research and theoretical
frameworks. Third, the study did not directly measure joint
range of motion (ROM) or muscle length. Therefore, infer-
ences about changes in muscle mechanical properties can only
be drawn based on existing research findings. Finally, while
this investigation sheds light on the immediate effects of SS
and CC, their long-term impacts remain unclear, limiting our
comprehension of the lasting consequences of these training
interventions. Considering these limitations, future research
should expand the scope of analysis to include more synergy
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components, a more varied assessment of muscle activation, a
broader range of lower limb performancemetrics, and track the
long-term effects of SS and CC interventions. These measures
will help to gain a deeper understanding of the impact of SS
and CC on athletic performance and provide more effective
guidance for athletic training and rehabilitation.

5. Conclusions

Overall, the findings demonstrate that SS and CC alter the
synergy patterns of major muscles in the dominant leg during
squat jumps with a starting knee angle of 120◦, and these inter-
ventions also influence ground contact time. Specifically, SS
tends to decrease the contributions of primary target muscles
within the synergy. However, SS might induce compensatory
actions in muscles less affected by stretching, such as the VM,
to maintain the overall activity strength of the synergy. Con-
versely, CC appears to enhance the contribution of the LG by
augmenting its activation, thereby leading to an advancement
in the synergy’s activation timing. These observations suggest
that uneven stretching or localized activation could trigger
compensatory actions in certain muscles, potentially increas-
ing their susceptibility to injury. Additionally, neither SS nor
CC exerted a statistically significant influence on jump height
during SJ. However, SS does prolong ground contact time,
while CC appears to counteract this effect. Consequently, for
athletes prioritizing jump height, SS might not significantly
impact their performance. In contrast, for athletes prioritizing
speed, such as sprinters, SS might hinder their performance.
It is therefore recommended that athletes seeking to optimize
speed refrain from performing SS in isolation before activity.
Alternatively, they might consider combining SS with CC
to potentially mitigate any adverse effects on performance.
Furthermore, an increase in the knee joint starting angle to
120◦ resulted in a decrease in the overall contribution of the
five major muscles, the activity strength of the synergy, and
both jump height and ground contact time. This suggests that
a 90◦ starting angle might be a more favorable choice for
sports disciplines requiring maximum jump height, while a
120◦ starting angle could be more suitable for speed-oriented
events.
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