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Previous studies have shown that longer-duration static stretching (SS) interventions can
cause a decrease in muscle strength, especially explosive muscle strength. Furthermore,
force steadiness is an important aspect of muscle force control, which should also be
considered. However, the time course of the changes in these variables after an SS
intervention remains unclear. Nevertheless, this information is essential for athletes and
coaches to establish optimal warm-up routines. The aim of this study was to investigate the
time course of changes in knee flexion range of motion (ROM), maximal voluntary isometric
contraction (MVIC), rate of force development (RFD), and force steadiness (at 5 and 20% of
MVIC) after three 60-s SS interventions. Study participants were sedentary healthy adult
volunteers (n = 20) who performed three 60-s SS interventions of the knee extensors,
where these variables were measured before and after SS intervention at three different
periods, i.e., immediately after, 10 min, and 20min the SS intervention (crossover design).
The results showed an increase in ROM at all time points (d = 0.86–1.01). MVIC was
decreased immediately after the SS intervention (d = −0.30), but MVIC showed a recovery
trend for both 10min (d = −0.17) and 20min (d = −0.20) after the SS intervention. However,
there were significant impairments in RFD at 100 m (p = 0.014, F = 6.37, ηp2 = 0.101) and
200m (p < 0.01, F = 28.0, ηp2 = 0.33) up to 20min after the SS intervention. Similarly, there
were significant impairments in force steadiness of 5% (p < 0.01, F = 16.2, ηp2 = 0.221) and
20%MVIC (p < 0.01, F = 16.0, ηp2 = 0.219) at 20 min after the SS intervention. Therefore, it
is concluded that three 60-s SS interventions could increase knee flexion ROM but impair
explosive muscle strength and muscle control function until 20 min after the SS
intervention.
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INTRODUCTION

In sports settings, many coaches and athletes advocate static
stretching (SS) during a warm-up routine (Takeuchi et al., 2019).
Indeed, many previous studies have shown that a single SS
intervention can induce acute increases in range of motion
(ROM) (Konrad et al., 2017; Nakamura et al., 2019; Sato et al.,
2020). On the other hand, SS interventions of more than 45–60 s
are also well known to cause a decrease in muscle strength and
explosive performance, which is called “stretch-induced force
deficit” (Behm and Chaouachi, 2011; Simic et al., 2013; Behm
et al., 2016; Behm et al., 2021).

Although there have been many studies on the acute effects of
SS interventions, few studies have investigated the time-course
changes of an SS intervention. The time course of changes in
stretch-induced force deficit is essential knowledge for athletes
and coaches to understand the timing of incorporating an SS
intervention during a warm-up routine. However, some previous
studies have investigated the time course of changes in stretch-
induced force deficit. For example, Mizuno et al. (2014) reported
a decrease in maximal voluntary isometric contraction (MVIC)
recovered within 10 min after a five 60-s SS intervention of the
plantar flexors. Similarly, Ryan et al. (2008b) showed that the
plantar flexors’ four 30-s, eight 30-s, and sixteen 30-s SS
interventions decreased MVIC significantly, but this was
recovered within 10 min. However, Konrad et al. (2019) found
a significant decrease in MVIC at 0, 5, and 10 min after an SS
intervention of the plantar flexors. However, Budini et al. (2020)
showed that MVICs could promote the recovery of muscle
spindle sensitivity. Thus, the repeated MVIC measurements in
previous studies (Ryan et al., 2008b; Mizuno et al., 2014) could
have influenced the muscle strength recovery after the SS
interventions. Therefore, it is necessary to investigate the time
course of changes after an SS intervention in detail, without
including repetitive MVIC measurements, by, for example,
measuring every time point in a crossover design.

In addition to MVIC torque, rate of force development (RFD)
can be an essential index for explosive muscle strength. Previous
studies have shown that an SS intervention can decrease RFD,
especially in the late phase of RFD (more than 100 m) (Morais de
Oliveira et al., 2012; Trajano et al., 2019; Nakamura et al., 2021b).
Andersen and Aagaard. (2006) pointed out that RFD is
influenced by different factors in the early (less than 100 m)
and late phases (more than 100 m) of isometric contraction
(Andersen and Aagaard, 2006). The early phase RFD is mainly
influenced by neural drive (Aagaard et al., 2002) and intrinsic
muscle contractile properties (Andersen and Aagaard, 2006).
During the late phase, MVIC (Andersen and Aagaard, 2006),
neural drive (Häkkinen et al., 1985), and the stiffness of the
tendinous structures (Bojsen-Møller et al., 2005) are related to
late-phase RFD. However, to the best of our knowledge, the time
course of changes in RFD after an SS intervention remains
unclear. In addition to MVIC and RFD, force steadiness is
another important aspect of muscle force control. The force
fluctuations during submaximal muscle contractions at a target
value torque can be quantified as force steadiness (Tracy, 2007;
Hirono et al., 2020; Hirono et al., 2021). A review by Oomen and

Van Dieen. (2017) suggested that synchronization is caused by
the muscle spindle feedback associated with the small fluctuations
in muscle fascicle and spindle length that accompany force
variations. Previous studies have reported significant
correlations between the force steadiness at 5 and 20% MVIC
in healthy young adults (Hirono et al., 2020) and 20% MVIC in
older adults (Hirono et al., 2021) and postural control tasks. A few
previous studies investigated the effect of SS on force steadiness,
and Kato et al. (2011) showed that five 60-s SS interventions could
impair force steadiness at 20%MVIC. However, Capobianco et al.
(2018) showed no significant change in force steadiness at 20%
MVIC 15 min after three 30-s SS interventions. Therefore, it is
unclear whether an SS intervention can impair force steadiness.
Also, the time course of the changes in force steadiness and the
acute effect after an SS intervention have been unclear.

Therefore, this study aimed to investigate the time course of
changes in ROM, MVIC, RFD, and force steadiness after three
60-s SS interventions of the knee extensors. Based on the previous
studies (Ryan et al., 2008b; Mizuno et al., 2014), we hypothesized
that three 60-s SS interventions would impair MVIC, RFD, and
force steadiness, but these impairments would be recovered
within 20 min.

METHODS

Experimental Design
A randomized repeated-measures experimental design was used
to investigate the time course of changes after an SS intervention
in knee flexion ROM, MVIC, RFD, and force steadiness of the
dominant knee extensors. The dominant leg was defined as the
preferred leg for kicking a ball. Participants visited the laboratory
on four occasions at intervals of ≥48 h. The first visit was a
familiarization trial for the knee flexion ROM, MVIC torque, and
force steadiness measurements. On the three subsequent visits,

FIGURE 1 | | Experimental protocol. The participants visited the
laboratory on four occasions (familiarization session and three experimental
sessions, i.e., immediately after (no rest interval), 10-min interval, and 20-min
interval after the static stretching intervention). The three experimental
sessions were performed in random order with more than 48-h intervals
(crossover design).
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participants were subjected to the following experimental
conditions in random order (immediately after, 10 min after,
and 20 min after the SS intervention, Figure 1). In the
familiarization trials, all participants practiced the knee flexion
ROM,MVIC, RFD, and steadiness movements, to ensure comfort
and familiarity with the procedures and minimize any potential
learning effects. Following previous studies (Hatano et al., 2019;
Sato et al., 2020), all outcome variables were measured before
(pre), immediately after, 10 min after, and 20 min after the SS
intervention. In the 10-min and 20-min conditions, participants
remained seated on a chair for the 10 or 20 min after the SS
intervention.

Participants
The sample size required for two-way repeated-measures analysis
of variance (ANOVA) [effect size = 0.25 (medium), α error =
0.05, and power = 0.95] was calculated using G* power 3.1
software (Heinrich Heine University, Düsseldorf, Germany).
The required number of participants was established to be
more than 15 participants.

The participants enrolled in this study were 20 sedentary
healthy young male volunteers (age 20.5 ± 0.9 years; height
173.2 ± 5.7 cm; body mass 64.1 ± 5.7 kg) who had not
performed habitual exercise activities for at least the past
6 months before the assessment. Participants who had a
history of neuromuscular disease or musculoskeletal injury in
the lower extremity were excluded. All subjects were fully
informed of the study procedures and purpose and obtained
written informed consent. In this study, we included only male
participants to avoid consideration of the potential influence of
menstrual cycle variation in women. The Niigata University of
Health and Welfare ethics committee approved the study
(#18561).

Knee Flexion Range of Motion
Each participant was placed in a prone position on a massage
bed, and the hip flexion of the non-dominant leg was fixed at

120° to prevent movement of the pelvis during the ROM
measurements (Figure 2). The investigator brought the
dominant leg to full knee flexion, with the hip joint in a
neutral position just before the subjects started to feel
discomfort or pain (Nakamura et al., 2021a; Takeuchi et al.,
2021a). A goniometer was used to measure the knee flexion
ROM three times, and the average value was used for further
analysis.

Maximal Voluntary Isometric Contraction
Torque and Rate of Force Development
Measurement
MVIC torque was measured at a 90° knee angle using the Biodex
System 3.0 (Biodex Medical Systems, Shirley, NY, United States).
Each participant was seated in the dynamometer chair at an 80°

hip flexion angle, with adjustable Velcro straps fixed over the
measured limb’s trunk, pelvis, and thigh. After several warm-up
submaximal knee extension contractions, the participant was
instructed to perform a knee extension as fast and hard as
possible and to maintain this knee extension for about 3 s
(Ema et al., 2016). The trials were conducted two times, with
60 s of rest between each trial, and the average value of the two
MVIC torque measurements was adopted for further analysis.
During all the tests, the investigator provided constant verbal
encouragement. The intraclass correlation coefficient (ICC) and
95% confidence intervals (CI) were calculated using the data
before SS intervention, and the ICC of MVIC was 0.982 (p < 0.01,
95% CI = 0.967–0.99).

The torque signals were recorded on a personal computer
through an A/D converter operating at 1 kHz (PowerLab16/35,
AD Instruments, Australia). The torque signals were also low-
pass filtered at 15 Hz using a fourth-order zero-phase lag
Butterworth filter (Aagaard et al., 2002; Ema et al., 2016;
Nakamura et al., 2021b). After this, the onset of the knee
extension was defined as when the torque increased by two
standard deviations (SD) above baseline and did not fall below
baseline throughout the contraction. The RFD was defined as
the slope of the filtered time-torque curve over time intervals
of 0–50, 0–100, and 0–200 m from the onset of the knee
extension (Aagaard et al., 2002; Ema et al., 2016; Nakamura
et al., 2021b). The ICC of RFD at 50, 100, and 200 m were 0.755
(p < 0.01, 95% CI = 0.557–0.865), 0.784 (p < 0.01, 95% CI =
0.609–0.881), and 0.889 (p < 0.01, 95% CI = 0.800–0.939),
respectively (p < 0.01).

Force Steadiness Measurements
The force steadiness measurements were performed in a similar
way to the MVIC measurements. The torque signals obtained
from the dynamometer were sent to the personal computer using
the A/D converter with a sampling rate of 1 kHz. The exerted
torque was processed with a moving root mean square (RMS) 50-
ms time window in real-time, based on previous studies (Hirono
et al., 2020; Hirono et al., 2021; Hirono et al., 2022). Based on the
MVIC torque of the knee extensors, the target torque values for
the force steadiness tasks were set to 5 and 20% of the MVIC for
individual participants. In addition, to account for the stretch-

FIGURE 2 | | Knee flexion range of motion (ROM) measurement.
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induced force deficit after the SS intervention measurements, we
recalculated the 5 and 20% target torque based on the MVIC
torque in the post-SS intervention. Each force steadiness task was
performed twice for the pre-measurements and one time after the
SS intervention periods. Each force steadiness task was
performed, in random order, with a 60-s rest interval. The
target and exerted torques were shown on the personal
computer’s monitor for visual feedback during the force
steadiness tasks. The participant was instructed to exert torque
for 25 s, which included a duration of 10-s, where the torque was
gradually increased from the baseline torque to the target torque
and then stabilized at this target value (Hirono et al., 2020;
Hirono et al., 2021; Hirono et al., 2022). Therefore, the first
10 s of torque data were omitted to ensure steady readings. The
force steadiness was identified as the coefficient of variation (CV)
of the knee extension torque, i.e., 100*SD/mean (%) using the last
15 s of exerted torque data. The average CV of the two trials for
each force steadiness task in the pre-measurement was used for
the analysis. A high CV for the force steadiness value indicated
more force oscillation (i.e., the ability to control force exertion is
lower). The ICC of CV values at 5 and 20% were 0.646 (p < 0.01,
95% CI = 0.358–0.805), and 0.727 (p < 0.01, 95% CI =
0.686–0.904), respectively (p < 0.01).

Static Stretching Intervention
The SS intervention was performed in a similar way to the knee
flexion ROM assessment (Figure 2). Three 60-s stretching
interventions with 30-s intervals were performed (Nakamura
et al., 2020; Takeuchi et al., 2021a). The stretching intensity
(angle) was defined as just before the subjects started to feel
discomfort or pain (Takeuchi et al., 2021a; Nakamura et al.,
2021b). Participants were instructed to relax their bodies during
the stretching intervention.

Statistical Analysis
SPSS (version 24.0; SPSS Japan Inc. Tokyo, Japan) was used for
the statistical analysis. The distribution of the data was assessed
using a Shapiro-Wilk test, and it was confirmed that the data
followed a normal distribution. For all the variables, a two-way
repeated-measures ANOVA using two factors [test time (before
vs. after SS) and condition (immediately after SS vs. 10 vs.
20 min)] was used to analyze the interaction and main effect.
Classification of effect size (ES) was set where the effect size of
split-plot ANOVA (ηp2) was deemed to be small (<0.01); an ηp2 of
0.02–0.1 was deemed to be medium, and an ηp2 greater than 0.1
was deemed to be large (Cohen 1988). Also, we calculated ES (d)
as the mean difference between the pre-and post-values divided

TABLE 1 | Changes (mean ± SD) in knee flexion range of motion (ROM), maximal voluntary isometric contraction (MVIC) torque of the knee extensors, rate of force
development (RFD) at 50, 100, and 200 m, and coefficient of variation (CV) values at 5 and 20%MVIC before (pre) and immediately after, 10 min after, and 20 min after
the static stretching (SS) intervention. The two-way ANOVA results (T: test time effect, T × C: test time × conditions interaction effect; F-value) and partial η2 (ηp2) are shown in
the right column.

Immediately after SS 10-min after SS 20-min after SS ANOVA results

Pre After SS Pre 10-min Pre 20-min p value,
F value, ηp

2

Knee flexion ROM (°) 139.5 ± 11.7 149.0 ± 7.2 143.5 ± 10.4 150.3 ± 5.4 142.3 ± 9.9 149.8 ± 5.1 T: p < 0.01, F = 65.3, ηp2 =
0.534

Effect size Δ = 7.2 ± 5.8% d = 1.01 Δ = 5.1 ± 6.3% d = 0.86 Δ = 5.6 ± 5.6% d = 1.00 T x C: p = 0.500, F = 0.70, ηp2
= 0.024

MVIC (Nm) 169.7 ± 31.2 160.6 ± 29.5 167.0 ± 28.9 162.1 ± 29.1 167.1 ± 30.0 161.2 ± 29.4 T: p < 0.01, F = 16.1, ηp2
= 0.22

Effect size Δ = −5.2 ± 5.8% d = −0.30 Δ = −2.7 ± 8.0% d = -0.17 Δ = −3.2 ± 9.5% d = −0.20 T x C: p = 0.556, F = 0.60, ηp2
= 0.02

RFD at 50 m
(Nm/ms)

0.48 ± 0.20 0.42 ± 0.20 0.55 ± 0.22 0.48 ± 0.18 0.49 ± 0.28 0.48 ± 0.23 T: p = 0.055, F = 3.85, ηp2 =
0.063

Effect size Δ = −4.5 ± 38.1% d = −0.29 Δ = −1.9 ± 56.7% d = −0.38 Δ = 16.3 ± 72.2% d = −0.06 T x C: p = 0.903, F = 0.51, ηp2
= 0.018

RFD at 100 m
(Nm/ms)

0.56 ± 0.19 0.49 ± 0.17 0.58 ± 0.20 0.51 ± 0.17 0.56 ± 0.24 0.52 ± 0.19 T: p = 0.014, F = 6.37, ηp2 =
0.101

Effect size Δ = −6.1 ± 35.8% d = −0.39 Δ = −4.2 ± 42.5% d = −0.36 Δ = −0.5 ± 35.2% d = −0.19 T x C: p = 0.852, F = 0.16, ηp2
= 0.006

RFD at 200 m
(Nm/ms)

0.50 ± 0.12 0.43 ± 0.13 0.52 ± 0.12 0.45 ± 0.10 0.51 ± 0.15 0.46 ± 0.13 T: p < 0.01, F = 28.0, ηp2
= 0.33

Effect size Δ = −13.2 ± 16.1% d = −0.57 Δ = −10.8 ± 22.4% d = −0.63 Δ = −8.4 ± 14.8% d = −0.36 T x C: p = 0.732, F = 0.314,
ηp2 = 0.011

CV values at 5%
MVIC (%)

1.28 ± 0.39 1.67 ± 0.87 1.31 ± 0.42 1.46 ± 0.46 1.23 ± 0.37 1.55 ± 0.53 T: p < 0.01, F = 16.2, ηp2 =
0.221

Effect size Δ = 34.9 ± 54.6% d = 0.62 Δ = 14.1 ± 27.3% d = 0.33 Δ = 25.4 ± 25.8% d = 0.70 T x C: p = 0.375, F = 0.999,
ηp2 = 0.034

CV values at 20%
MVIC (%)

1.87 ± 0.54 2.22 ± 0.96 1.89 ± 0.63 2.12 ± 0.87 1.85 ± 0.67 2.15 ± 0.76 T: p < 0.01, F = 16.0, ηp2 =
0.219

Effect size Δ = 19.3 ± 35.9% d = 0.47 Δ = 12.2 ± 20.1% d = 0.31 Δ = 19.1 ± 25.0% d = 0.42 T x C: p = 0.803, F = 0.22, ηp2
= 0.008
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by the pooled pre- and post-SS intervention SD values. An ES of
0.00–0.19 was considered trivial, 0.20–0.49 was considered small,
0.50–0.79 was considered moderate, and ≥0.80 was considered
large (Cohen, 1988). The significance level was set to 5%, and all
the results are shown as mean ± SD.

RESULTS

Table 1 lists the results for the knee flexion ROM, MVIC torque,
RFD, and CV values. The two-way repeated-measures ANOVA
indicated no significant interactions for all the variables.
However, there were main effects for test time for the knee
flexion ROM (F = 65.3, p < 0.01, ηp2 = 0.534) and MVIC (F =
16.1, p < 0.01, ηp2 = 0.22). The main effect results showed that
three 60-s SS interventions could increase knee flexion ROM and
decrease MVIC up to 20 min after SS intervention. MVIC was
decreased immediately after the SS intervention (d = −0.30), but
MVIC showed a recovery trend for both 10 min (d = −0.17) and
20 min (d = −0.20) after the SS intervention.

In addition, there was no main effect for RFD at 50 m, but
significant main effects for RFD at 100 and 200 m, and CV values
at 5 and 20% MVIC. The main effect results showed significant
impairments in RFD at 100 and 200 m up to 20 min after the SS
intervention. Similarly, there were significant impairments in CV
values at 5 and 20% MVIC at 20 min after the SS intervention.

DISCUSSION

This study investigated the time-course changes after three 60-s
SS interventions in knee flexion ROM, MVIC, RFD, and force
steadiness. We conducted the measurements on different days
and not on the same day to exclude the effect of the measurement
itself on outcome variables. To the best of our knowledge, this is
the first study to have investigated the time course effect of SS
intervention on knee flexion ROM and muscle strength,
including explosive muscle strength (i.e., RFD) and muscle
force control function (i.e., force steadiness) of the knee
extensors. The results showed that three 60-s SS interventions
could decrease MVIC, but MVIC recovered after 10 min.
However, the RFD at 200 m remained significantly decreased
until 20 min after the SS intervention. In addition, force
steadiness showed a decreasing trend, with a significant
decrease seen 20 min after the SS intervention. These results
indicate that the stretch-induced force deficit caused by the three
60-s SS interventions recovers after 10 min in the knee extensors.
On the other hand, RFD decreased, and force steadiness increased
20 min after the SS intervention, suggesting that an SS
intervention alone should be avoided before events that
require explosive strength and muscle force control function.

The results showed that three 60-s SS interventions could
increase knee flexion ROM significantly, and the increase in knee
flexion ROM was sustained 20min after the SS intervention. These
results were consistent with the previous studies (Mizuno et al.,
2013b; Hatano et al., 2019). Previous studies have reported that a 3-
min or 5-min SS intervention can increase dorsiflexion ROM, but a

decrease in muscle stiffness returns to baseline in the first few
minutes (Konrad et al., 2019; 2020). Previous studies have also
shown that three 60-s SS interventions can decrease the stiffness of
the knee extensors (Nakamura et al., 2020; Takeuchi et al., 2021a).
However, other studies have shown that a change in viscoelastic
property is recovered within 10–15min (Ryan et al., 2008a; Mizuno
et al., 2013a; Mizuno et al., 2013b). Thus, the detailedmechanism for
the increase of knee flexion ROM remains unclear, but the change in
muscle stiffness can be attributed to the increase in knee flexion
ROM. The other mechanism in the increase of knee flexion ROM
can be attributed to changes in stretch sensation (Mizuno et al.,
2013b; Nakamura et al., 2021a). Thus, both changes in muscle
stiffness and/or stretch tolerance can result in an increase in knee
flexion ROM 20min after an SS intervention.

Our results showed that the three 60-s SS interventions
decreased the MVIC of the knee extensors (d = −0.30), but the
decrease in MVIC could show a recovering trend within 10min
after the SS intervention (d = −0.17). These results support the
findings of previous studies, which showed that stretch-induced
force deficit could recover within 10min (Ryan et al., 2008b;
Mizuno et al., 2014). However, one big issue is that the MVIC
measurements were repeated in the previous studies (Ryan et al.,
2008b; Mizuno et al., 2014). SS can induce modifications in the
persistent inward currents (PICs) (Behm et al., 2021) and
alterations of muscle spindle sensitivity (Budini et al., 2020),
which both adversely affect muscle activation. As described
above, Budini et al. (2020) showed that MVIC can promote the
recovery of muscle spindle sensitivity. Thus, in the previous studies
(Ryan et al., 2008b; Mizuno et al., 2014), repetitive MVIC
measurements might have promoted the recovery from an
MVIC decrease after SS intervention, resulting in recovery
within 10min. Therefore, in this study, we investigated the
time-course changes in MVIC on a different day to minimize
the effect of repetitive MVIC measurements. However, this study
revealed that MVIC could show a recovering trend within 10min
after the three 60-s SS interventions, consistent with these previous
studies (Ryan et al., 2008b; Mizuno et al., 2014). PICs are
depolarizing currents generated by voltage-sensitive sodium and
calcium channels predominantly located on the motoneurons’
dendrites (Heckman et al., 2005). Also, PICs are a fundamental
component of standard motor output observed in humans, and
reductions in PIC amplitude can significantly affect the ability to
exert muscle strength (Trajano et al., 2020). Trajano et al. (2014)
showed that PICs partially recover at 5 min after SS and fully
recover at 10 min after SS (Trajano et al., 2014). Thus, taken
together with the previous studies and the results of this study,
MVIC might recover within 10min after the three 60-s SS
interventions due to the modifications in the PICs.

The results obtained in this study showed no significant
changes in early phase RFD, i.e., RFD at 50 m, but a large
decrease in RFD at 200 m immediately after the SS
intervention, which is consistent with previous studies (Morais
de Oliveira et al., 2012; Trajano et al., 2019; Nakamura et al.,
2021b). Interestingly, we expanded the knowledge of these
previous studies, and our results showed that RFD at 200 m
significantly decreased 20 min after the SS intervention. Andersen
and Aagaard. (2006) pointed out that RFD is influenced by

Frontiers in Physiology | www.frontiersin.org June 2022 | Volume 13 | Article 9176615

Nakamura et al. Prolonged Effect of Static Stretching

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


different factors in the early (less than 100 m) and late phases
(more than 100 m) of isometric contraction (Andersen and
Aagaard, 2006). During the late phase, MVIC (Andersen and
Aagaard, 2006), neural drive (Häkkinen et al., 1985), and the
stiffness of the tendinous structures (Bojsen-Møller et al., 2005)
are related to RFD. In this study, MVIC recovered within 10 min
after the SS intervention, and the changes in neural drive and/or
stiffness of the tendon-aponeurosis complex could affect the RFD
at 200 m, 20 min after the SS intervention. In a range of sports
involving explosive movements (e.g., sprinting, jumping), the
time allowed to exert force is typically very limited (from 50 to
250 m). Therefore, the results of this study showed that MVIC
recovered, but RFD at 200 m continued to decrease up to 20 min
after the SS intervention, which should be noted for events that
require explosive muscle strength.

The results of this study showed that CV values at 5 and 20%
MVIC were increased, i.e., force steadiness was impaired up to
20min after the SS intervention, which is consistent with the
previous study by Kato et al. (2011), and expanded the results.
Specifically, force production is regulated by two main parameters:
the recruitment of motor units and the motor unit firing behavior
(motor unit firing rate, firing rate variability, motor unit firing
synchronization, and common drive to motor units) (Hu et al.,
2013; Hu et al., 2014). De Luca et al. (2009) suggest that the
ongoing activity of muscle spindles likely influences the degree of
the common drive during a contraction. In addition, an SS
intervention can induce alterations in muscle spindle sensitivity
(Budini et al., 2020). The detailed mechanism is unclear, but the
alterations in the recruitment of motor units and the motor unit
firing behavior via changes in muscle spindle sensitivity could
impair the force control function (i.e., force steadiness). Carville
et al. (2007) showed that older adults who have a history of falling
have a significantly larger value in force steadiness during knee
extension than those who have not experienced falls. The results
suggested that older adults who have a history of falling are a lower
ability to control force exertion. Furthermore, previous studies
reported significant correlations between force steadiness at 5 and
20% MVIC in healthy young adults (Hirono et al., 2020) and 20%
MVIC in older adults (Hirono et al., 2021) and postural control
tasks. Therefore, an SS intervention could impair the force control
function, and the impaired force control function could decrease
the balance function 20min after the SS intervention.

The present study has some limitations. First, the participants
were not athletes or older adults but sedentary male volunteers.
Second, unlike actual sports situations, we investigated the effects
of SS intervention alone. In the future, it is necessary to investigate
the effects of SS intervention when it is incorporated into actual
warm-up routines for athletes and older adults.

CONCLUSION

We investigated the time-course changes after the three 60-s SS
interventions in the knee extensors, and our results showed that the
increasing knee flexion ROM continued until 20min after the SS
intervention, but the MVIC decrease tended to be restored after
10min. Therefore, it may be effective to incorporate an SS

intervention early on in a warm-up routine if the goal is to
increase ROM. On the other hand, RFD at 200m and force
steadiness was impaired up to 20min after the SS intervention.
Therefore, an SS intervention should be avoided in sports requiring
explosivemuscle strength and balance function. On the other hand, it
has been reported that a dynamic warm-up (Samson, et al., 2012;
Reid, JC et al., 2018), aerobic exercise (Takeuchi andNakamura, 2020;
Takeuchi et al., 2021b), or foam rolling with and without vibration
(Nakamura et al., 2022) after an SS intervention has a potentiation
effect for the stretch-induced force deficit. Thus, it will be necessary to
establish an optimal warm-up routine by investigating the effects of
an SS intervention in actual warm-up routines.
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