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Abstract: The effect of asymmetry on flexibility and jump in taekwondo athletes and the influence of
vibration foam rolling on asymmetry and frequency speed of kick test has not been examined. This
study examined the effects of three warm-up protocols on subsequent sports performance in elite
male taekwondo athletes. Fifteen elite male taekwondo athletes (20.63 ± 1.18 years) completed three
warm-up protocols in a randomized order: general warm-up [GW], GW with vibration foam rolling
[GW + VR], and GW with double VR for the weaker leg [GW + double VR]), was delivered before the
subsequent tests: flexibility, single-leg countermovement jump (CMJ), 505 agility, hexagon test, and
multiple frequency speed of kick tests (FSKTs). Relative to GW, the GW + VR significantly improved
the hexagon test (GW + VR = 11.60 ± 1.01 s; GW = 12.80 ± 1.58 s). In addition, the GW + VR
and GW + double VR yielded greater kick numbers in FSKT 5 (GW + VR = 21.13 ± 1.96 reps;
GW + double VR = 20.93 ± 1.67 reps; GW = 19.27 ± 1.62 reps) and a higher kick decrement index
(GW + VR = 5.45 ± 2.57%; GW + double VR = 5.88 ± 3.22%; GW = 9.54 ± 5.00%). However, the
GW + VR and GW + double VR did not significantly improve the flexibility and CMJ asymmetry
performance. The GW + VR is more beneficial for warming up than the GW is among male collegiate
taekwondo athletes.

Keywords: power; preconditioning; fatigue; asymmetry

1. Introduction

Excelling in taekwondo largely depends on leg strength, agility, flexibility, and anaero-
bic alactic power [1,2], since taekwondo games often involve the use of kick techniques to
attack and defend (at least 90%) as well as the ability to make quick turns and apply quick
footwork [3]. However, taekwondo athletes often perform kick training by alternating
between dominant and non-dominant legs. Moreover, players tend to frequently rely on
their dominant leg for kicking, which may cause between-limb muscle performance asym-
metries. Therefore, the foot-tapping ability of the dominant leg often tends to be better than
that of the non-dominant leg in child taekwondo athletes [4]. Similarly, Guan et al. showed
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that in elite male child taekwondo athletes, the dominant and nondominant leg asymmetry
was 8.20% during a unilateral countermovement jump height, 6.64% during a horizontal
hop distance, 5.78% during a triple hop distance, and 9.97% during a posterolateral dy-
namic balance reach distance [5]. Furthermore, Ball et al. conducted a study on four elite
adult taekwondo athletes from the Australian National Olympic team; before a nine-week
training intervention, countermovement jump height of the right leg (0.30 ± 0.03 m) was
more favorable than that of the left leg (0.26 ± 0.06 m) of the athletes. After sessions 5–7 of
the training, the athletes had between-limb asymmetry in power, e.g., the single-leg jump
for the right leg being 0.05 m higher than that of the left leg. Additionally, the difference in
the allometric scaling of peak power output between the right and left legs was 14% (e.g.,
in session 8, the value for the left leg was higher than that for the right leg) [6].

Muscle function of lower limbs is related to kicking ability [7]. Between-limb asym-
metries in functional performance are associated with a reduced kicking ability and high
risk of injury [6,8–10]. For example, football players often use their dominant foot to kick
the ball and their nondominant foot to support their body, which results in differences
in the kick force, performance, and accuracy [11]. Strength training or other strategies
can help reduce between-limb muscle function asymmetry, which may improve athletic
performance and reduce injury risk [10,12].

Regular warm-up exercises before a competition or training session can be particu-
larly beneficial for enhancing subsequent sports performance [13–15]. A typical warm-up
exercise may include some aerobic work (e.g., jogging and running), stretching exercises
(e.g., static, dynamic, or both), and sport-specific activities (e.g., jumps and half-squats) [14].
Elastic band exercises are commonly used in warm-up activities before taekwondo likely
induced post-activation potentiation (PAP) and enhanced kicking performance [15]. A
recent study [16] also reported superior effects of using elastic band exercises than tradi-
tional warm-up on judo sport-specific performance. Stretching exercises not only enhances
flexibility but also helps prevent sports injury [17]. However, controversial findings have
also been reported [18]. For example, static stretching, proprioceptive neuromuscular facil-
itation, and ballistic stretching have been reported to negatively affect sprint performance
in taekwondo athletes [18].

Vibration foam rolling (VR) combines a foam roller (FR) with continuous vibration can
stimulate proprioceptors such as the muscle spindles and Golgi tendon organs [19,20]. The
vibration therapy can increase muscle compliance [21], intramuscular temperature [22],
blood flow [23], and enhance more motor units [24]. Importantly, the VR has become
increasingly popular and has been used as a component in warm-up exercises. Several
studies have demonstrated immediate improvement in athletic performance after VR
alone and after VR combined with other warm-up modalities [25–29]. For example, Chen
et al. [28] compared general running warm-up (GW) and dynamic stretching (DS) combined
with VR (four sets of 30 s on quadriceps and hamstring muscles), the DS + VR protocol
resulted in significantly greater knee flexion flexibility, lower hamstring muscle stiffness,
and greater knee flexor muscle endurance [28]. In addition, Hsu et al. [26] revealed that
the DS + static stretching (SS), DS + FR, and DS + VR significantly improved flexibility,
power, and ball speed. However, only DS + FR, and DS + VR significantly improved
agility in table tennis players. Moreover, Lee et al. [29] showed different findings: the
VR significantly increased the knee extension and flexion flexibility, quadriceps muscle
strength, and dynamic balance, the FR detrimental effects on knee joint proprioception.
Furthermore, the VR was significantly more effective than SS in increasing quadriceps
muscle strength and balance. However, Lin et al. [27]. revealed that the DS alone and
DS followed by VR could improve knee flexibility, countermovement jump height, and
agility. However, to our knowledge, few studies have examined the effects of dynamic
stretching alone and in combination with VR and with a greater volume of VR for the
weaker leg on leg muscle function, kick frequency and speed, and kick fatigue index in
taekwondo athletes.



Symmetry 2021, 13, 1664 3 of 12

The current study evaluated the acute effects of DS + VR warm-up protocols and
double VR for the weaker leg on jump height, change of direction speed, flexibility, and
outcomes in the hexagon test and frequency speed of kick test performance of taekwondo
athletes. Because of the potential effects of DS + VR on enhancing athletic ability, we
expected better performance in athletes following this warm-up protocol than follow-
ing the traditional taekwondo warm-up protocol. The results of the current study may
help athletic, coaches or trainers select more beneficial warm-up protocols to reduce the
risk of sports injury (e.g., bilateral asymmetry) and potentially to improve taekwondo
athletic performance

2. Materials and Methods
2.1. Participants

Fifteen healthy, elite male taekwondo athletes (mean ± SD: age = 20.63 ± 1.18 years;
height: 173.85 ± 4.19 cm; body mass = 69.45 ± 11.12 kg; training experience: 9.79 ± 2.77 year)
volunteered to participate in this study. On average, they trained 3–4 h (including resting
periods) a day five times a week. All the participants were black belt holders and were
categorized in National Division I. Exclusion criteria were a lower-extremity injury in the
last year, lower back pain, and cardiovascular diseases. Each participant provided informed
consent before participating in the study. All participants refrained from vigorous physical
activities and training at least 3 days before experiment visit days. On all experimental
visit days, they were not allowed to consume any food or supplements that contained
alcohol or caffeine. All the experimental procedures in this study were in accordance with
the Declaration of Helsinki and were approved by the Institutional Review Board of Jen-Ai
Hospital (approval number: IRB-108-61).

2.2. Warm-Up Protocol

During the first visit, the participants familiarized themselves with the measurement
tests, taekwondo warm-up, and VR protocols. Each participant performed three warm-
up protocols every 7 days in random order: a general taekwondo warm-up (GW), GW
combined with VR (GW + VR), and GW combined with double VR for the weaker leg
(GW + double VR). Participants were required to perform a single-leg countermovement
jump; a greater jump height indicated a stronger leg, and a smaller jump height indicated a
weaker leg [12]. After each warm-up protocol, the participants performed the following
sport-specific tests: quadriceps and hamstring flexibility test, the countermovement jump,
hexagon test, 505 agility test, and multiple frequency speed of kick tests.

2.3. General Taekwondo Warm-Up (GW)

In this protocol, after a 5 min jogging exercise, the participants were instructed to
perform 5 min dynamic stretches of all joints, with a 5 min rest interval in a sitting position
(see Romaratezabala et al. for details of the exercises [30]).

2.4. GW Combined with VR (GW + VR)

In this protocol, after a 5 min jogging exercise, the participants performed GW,
followed by three sets of VR for exercising the quadriceps and hamstrings of each leg
(Figure 1). The intensity of the vibration foam roller (Vyper 2.0, Hyperice, Irvine, CA, USA)
can be set to between 48, 60, and 72 Hz at three different levels. The vibration foam roller
was operated at a vibration frequency of 48 Hz. The VR exercise involved lying on the
floor and actively rolling the roller back and forth on target muscle groups. Each set of VR
was performed for 30 s at a rate of 30 rolls per minute (1 s up, 1 s down) with the help of a
metronome [28]. The pressure pain intensity was instructed to maintain at 4–5 on a 10 mm
visual analogue scale (VAS), based on each participant’s verbal feedback.
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Figure 1. Vibration rolling protocols. (left): quadriceps; (right): hamstrings.

2.5. GW Combined with Double VR (GW + Double VR)

The exercise protocols were the same as those of the GW + VR intervention, except
that the participants performed six sets of VR for the weaker leg.

2.6. Measurement of Dependent Variables

The measurement tests were always conducted in the following order: flexibility test,
countermovement jump, hexagon test, 505 agility test, and multiple frequency speed of
kick tests.

2.7. Quadriceps Flexibility

This test was conducted based on active knee flexion. In this test, the participants lay
prone on a padded plinth while maintaining a neutral hip position, and they were required
to actively pull their heel as close as possible to their buttocks [31]. Subsequently, the angle
between the thigh and the lower leg was measured using a plastic goniometer. The average
measurement value of three trials was recorded for data analysis. This test has an intraclass
correlation coefficient (ICC) of 0.91, indicating high test–retest reliability [32].

2.8. Modified Back-Saver Sit-And-Reach Test

This test was developed to assess hamstring and lower back flexibility [33]. The partici-
pants performed a single-leg sit-and-reach procedure on a bench on which a meter rule was
placed. The untested leg was placed on the floor with the knee at approximately 90◦. The
participants aligned the heel of their tested leg with the 50 cm mark on the meter rule. Then,
the participants were instructed to perform a maximum anterior flexion of the hip joints
and trunk slowly to reach forward as far as possible while keeping the knees and arms
extended and keeping the hands on top of each other (tips of the middle fingers even) [33].
The value is recorded to the nearest centimeter. Each flexibility test was conducted three
times for each leg, and the average value was used for data analysis.

2.9. Countermovement Jump

The test was conducted using a light timing system (Optojump; Microgate, Bolzano,
Italy). It has high test–retest reliability (ICC = 0.99) and validity (r = 0.99) [34]. With both
hands placed on hips, each participant was required to perform bilateral and single-leg
countermovement to a depth that would elicit the greatest jump height. During their
time in the air, the participants maintained extension of the hip, knee, and ankle joints.
Three trials were performed for this test, with a 1 min rest interval between each trial.
The Optojump system measured the flight time (1 kHz sampling rate) and the jump
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height = 9.81 × (flight time)2/8. The trial with the highest jump height (cm) was recorded
for data analysis [35].

2.10. Hexagon Test

This test is related to measures of speed, power, and agility [36]. The test requires the
participants to stand facing forward in the middle of a hexagon measuring 24 in. per side,
with each angle being 120◦. The participants were required to perform a double-leg hop
forward and backward in a clockwise direction over each of the six sides of the hexagon
until they had gone around the hexagon three circuits and then returned to the center
(18 jumps). The time (seconds) was recorded using a mobile phone by the participants to
complete three circuits. Three trials were performed with a 1 min rest interval between
each trial. The best time was recorded for data analysis. This test has an ICC of 0.88 [36].

2.11. 505. Agility Tests

This test was conducted using a FITLIGHT TrainerTM (FITLIGHT Sports Corp.,
Aurora, ON, Canada). This wireless reaction training system comprises several LED-
powered lights that are controlled by a computer tablet, with the ability to capture various
attributes of athletic performance such as reaction time, speed, agility, and coordination.
The participants were required to run forward with maximal effort until they reached the
15 m line, then turn and place one leg on the line, thus completing a 180◦ turn, and then
sprint back a further 5 m [37]. Three trials were performed for this test, with a 1 min rest
interval prescribed between each trial. The best time was recorded for data analysis.

2.12. Frequency Speed of Kick Test

This test comprised five sets of frequency speed of kick tests (FSKTs). Each set
lasted 10 s, with a 10 s rest interval prescribed between sets. After a sound signal, the
participant was required to kick a boxing bag as fast and as hard as possible by applying
the roundhouse kick technique and alternating their right and left legs (Figure 2). The
performance was determined by the number of kicks in each set and the total number of
kicks. To determine the rate of fatigue, a kick decrement index (KDI) was calculated as a
percentage for each set. The test has an ICC of 0.85–0.95 [14,38]. Heart rate was recorded
with a heart rate monitor (Polar V800, Kempele, Finland). Rating of perceived exertion
(RPE) was rated on a Borg scale of 0–10, with 0 indicating no exertion and 10 indicating
maximal perceived exertion [39].
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2.13. Statistical Analyses

Data are presented as the mean ±SD. After the Shapiro–Wilk test for normality was
conducted, dependent variables were analyzed using SPSS statistical software (IBM SPSS
Statistics 25.0; IBM, Armonk, NY, USA) by using separate one-way repeated-measures
analysis of variance (ANOVA) for each intervention condition [GW vs. GW + VR vs.
GW + double VR]. If a significant condition effect was found, post hoc pairwise comparisons
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with Bonferroni correction were conducted to compare the potential differences between
any two conditions. In addition, separate two-way (repetition interval [1 vs. 2 vs. 3 vs.
4 vs. 5] × condition [GW vs. GW + VR vs. GW + double VR]) repeated-measures ANOVA
tests were used to analyze the frequency speed of kick performance. Statistical significance
was set at p < 0.05. For calculations of interlimb asymmetry, the jump height and flexibility
on each leg were used by the formula [40]: Interlimb asymmetry (%) = (stronger limb-
weaker limb/stronger limb) × 100. The effect size (Cohen’s d) (d = M1 − M2/σ pooled) [41]
was calculated to examine the magnitude of the effects between two different warm-
up conditions.

3. Results

Table 1 presents the mean and SDs of the quadriceps and hamstring flexibility test,
CMJ, hexagon test, and 505 agility test after the three warm-up protocols. The results
of one-way ANOVA revealed statistical significance (F = 3.86, p = 0.03) in the hexagon
test outcomes for warm-up protocols. Pairwise comparisons revealed that the outcomes
after the GW + VR intervention was more significantly better than those after the GW
intervention (d = 0.90, p = 0.04). However, no significant differences were observed among
the three warm-up protocols in terms of quadriceps flexibility in the stronger leg (F = 0.13,
p = 0.88), quadriceps flexibility in the weaker leg (F = 0.35, p = 0.71), and quadriceps
flexibility asymmetry (F = 0.46, p = 0.64), hamstring flexibility in the stronger leg (F = 0.08,
p = 0.93), hamstring flexibility in the weaker leg (F = 0.60, p = 0.56), and hamstring flexibility
asymmetry (F = 0.46, p = 0.64), 505 agility test outcome (F = 1.00, p = 0.37), CMJ outcomes
in both legs (F = 0.50, p = 0.61), CMJ outcomes in the stronger leg (F = 0.70, p = 0.93), CMJ
outcomes in the weaker leg CMJ (F = 0.28, p = 0.80), and CMJ asymmetry (F = 0.15, p = 0.86).
Although the CMJ asymmetry was lower in the GW + VR (10.88%) and GW + double VR
(11.31%) conditions than in the GW condition, no significant differences were observed
among the three warm-up protocols.

Table 1. Mean ± SD of quadriceps, hamstring flexibility, CMJ, hexagon, and 505 agility tests after 3
warm-up protocols (GW, GW + VR, and GW + double VR).

Test GW GW + VR GW + Double VR F-Test p-Value

Flexibility
Quadriceps (degree)

Stronger leg 127.9 ± 5.3 128.9 ± 5.3 128.7 ± 5.5 0.87
Weaker leg 129.1 ± 4.9 128.7 ± 4.9 130.1 ± 4.6 0.70

Asymmetry (%) −0.9 ± 3.9 0.1 ± 4.0 −1.2 ± 3.5 0.64
Hamstring (cm)

Stronger leg 59.8 ± 9.9 60.6 ± 8.4 59.2 ± 9.6 0.92
Weaker leg 57.1 ± 11.1 59.6 ± 8.8 58.8 ± 10.5 0.80

Asymmetry (%) 4.8 ± 10.7 1.4 ± 7.8 0.9 ± 7.8 0.56
Bilateral CMJ (cm) 34.6 ± 4.1 35.1 ± 4.7 36.2 ± 4.4 0.61

Stronger leg 17.2 ± 3.9 17.7 ± 3.4 17.6 ± 3.4 0.92
Weaker leg 14.9 ± 2.7 15.8 ± 3.4 15.6 ± 3.0 0.76

Asymmetry (%) 12.3 ± 7.6 10.9 ± 5.6 11.3 ± 8.1 0.86
Hexagon (s) 12.8 ± 1.6 11.6 ± 1.0 * 11.9 ± 1.1 0.03

505 (s) 2.6 ± 0.2 2.6 ± 0.2 2.5 ± 0.2 0.37
GW: general taekwondo warm-up; GW + VR: GW with vibration foam rolling; GW+ double VR: GW with
vibration foam rolling double for weaker leg; S: seconds. *: Statistically significant difference between GW and
GW + VR (p < 0.05).

For the frequency speed of kick test performance (Table 2), no significant difference
was noted in the mean HR (F = 0.08, p = 0.93), maximal HR (F = 0.0, p = 0.96), RPE (F = 0.08,
p = 0.93), and overall FSKT (F = 1.13, p = 0.33) among the three warm-up protocols.
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Table 2. Mean and SDs of the frequency speed of kick tests performance.

Variables GW GW + VR GW + Double VR F-Test p-Value

FSKTmult (kicks)
FSKT1 22.9 ± 1.8 22.7 ± 2.1 22.7 ± 2.0 0.93
FSKT2 21.8 ± 1.9 * 22.6 ± 2.3 22.3 ± 2.2 0.59
FSKT3 20.9 ± 2.3 * 22.0 ± 2.4 21.7 ± 1.9 * 0.41
FSKT4 20.1 ± 1.7 * 21.1 ± 2.1 * 21.1 ± 1.8 * 0.27
FSKT5 19.3 ± 1.6 * 21.1 ± 1.9 *& 20.9 ± 1.7 *& 0.01

FSKT total 105.1 ± 7.7 109.5 ± 9.9 108.7 ± 8.2 0.33
KDI (%) 9.5 ± 5.0 5.5 ± 2.6 & 5.9 ± 3.2 & 0.01

HR mean (beat/min) 158.6 ± 13.5 156.8 ± 13.6 156.9 ± 15.2 0.93
HR max (beats/min) 172.6 ± 11.9 172.3 ± 12.2 173.5 ± 12.9 0.96

RPE 6.8 ± 1.1 6.7 ± 1.6 6.6 ± 1.2 0.93
GW: general taekwondo warm-up; GW + VR: GW with vibration foam rolling; GW+ double VR: GW with
vibration foam rolling double for weaker leg. FSKT: frequency speed of kick test; KDI: Kick Decrement Index;
HR: heart rate; RPE: rating of perceived exertion. * Statistically significant difference with FSKT1 (p < 0.05).
&: Statistically significant difference between GW and GW + VR or between GW and GW+ double VR (p < 0.05).

The ANOVA results revealed that the KDI (%) was significantly different among the
three protocols (F = 5.42, p = 0.008), with significantly lower KDIs in the GW + VR (d = 1.00,
p = 0.01) and GW + double VR (d = 0.86, p = 0.03) protocols than in the GW protocol.
However, the two-way repeated-measures ANOVA indicated a significant difference in
the set interval X protocols interaction (F = 2.09, p = 0.03) in the frequency speed of kick
test performance (Figures 3 and 4). Therefore, follow-up analyses were conducted to
examine the changes in kick number during the repetition intervals for each protocol and
compare the kick number values among different protocols at each time point. The pairwise
comparisons showed that the kick numbers in FSKT 2 (p = 0.03), FSKT 3 (p = 0.006), FSKT 4
(p < 0.001), and FSKT 5 (p < 0.001) were significantly lower than that in FSKT 1 for the GW
protocol. For the GW + VR protocol, the kick numbers in FSKT 4 (p = 0.001) and FSKT 5
(p = 0.003) were significantly lower than that in FSKT 1. Moreover, the kick numbers in
FSKT 3 (p = 0.03), FSKT 4 (p = 0.002), and FSKT 5 (p = 0.006) were significantly lower than
that in FSKT1 for the GW + double VR protocol. Furthermore, the kick number in FSKT 5
was significantly higher in the GW + VR (d = 1.02, p = 0.01) and GW + double VR (d = 0.97,
p = 0.03) protocols than in the GW protocol.

Symmetry 2021, 13, x FOR PEER REVIEW 7 of 12 
 

 

Table 2. Mean and SDs of the frequency speed of kick tests performance. 

Variables GW GW + VR GW + Double VR F-Test p-Value 
FSKTmult (kicks)  

FSKT1 22.9 ± 1.8 22.7 ± 2.1 22.7 ± 2.0 0.93 
FSKT2 21.8 ± 1.9 * 22.6 ± 2.3 22.3 ± 2.2 0.59 
FSKT3 20.9 ± 2.3 * 22.0 ± 2.4 21.7 ± 1.9 * 0.41 
FSKT4 20.1 ± 1.7 * 21.1 ± 2.1 * 21.1 ± 1.8 * 0.27 
FSKT5 19.3 ± 1.6 * 21.1 ± 1.9 *& 20.9 ± 1.7 *& 0.01 

FSKT total 105.1 ± 7.7 109.5 ± 9.9 108.7 ± 8.2 0.33 
KDI (%) 9.5 ± 5.0 5.5 ± 2.6& 5.9 ± 3.2& 0.01 

HR mean (beat/min) 158.6 ± 13.5 156.8 ± 13.6 156.9 ± 15.2 0.93 
HR max (beats/min) 172.6 ± 11.9 172.3 ± 12.2 173.5 ± 12.9 0.96 

RPE 6.8 ± 1.1 6.7 ± 1.6 6.6 ± 1.2 0.93 
GW: general taekwondo warm-up; GW + VR: GW with vibration foam rolling; GW+ double VR: 
GW with vibration foam rolling double for weaker leg. FSKT: frequency speed of kick test; KDI: 
Kick Decrement Index; HR: heart rate; RPE: rating of perceived exertion. * Statistically significant 
difference with FSKT1 (p < 0.05). &: Statistically significant difference between GW and GW + VR 
or between GW and GW+ double VR (p < 0.05) 

The ANOVA results revealed that the KDI (%) was significantly different among the 
three protocols (F = 5.42, p = 0.008), with significantly lower KDIs in the GW + VR (d = 1.00, 
p = 0.01) and GW + double VR (d = 0.86, p = 0.03) protocols than in the GW protocol. How-
ever, the two-way repeated-measures ANOVA indicated a significant difference in the set 
interval X protocols interaction (F = 2.09, p = 0.03) in the frequency speed of kick test per-
formance (Figures 3 and 4). Therefore, follow-up analyses were conducted to examine the 
changes in kick number during the repetition intervals for each protocol and compare the 
kick number values among different protocols at each time point. The pairwise compari-
sons showed that the kick numbers in FSKT 2 (p = 0.03), FSKT 3 (p = 0.006), FSKT 4 (p < 
0.001), and FSKT 5 (p < 0.001) were significantly lower than that in FSKT 1 for the GW 
protocol. For the GW + VR protocol, the kick numbers in FSKT 4 (p = 0.001) and FSKT 5 (p 
= 0.003) were significantly lower than that in FSKT 1. Moreover, the kick numbers in FSKT 
3 (p = 0.03), FSKT 4 (p = 0.002), and FSKT 5 (p = 0.006) were significantly lower than that in 
FSKT1 for the GW + double VR protocol. Furthermore, the kick number in FSKT 5 was 
significantly higher in the GW + VR (d = 1.02, p = 0.01) and GW + double VR (d = 0.97, p = 
0.03) protocols than in the GW protocol. 

 
Figure 3. Frequency speed of kick test in different warm up conditions. ⋆ Statistically significant 
difference with FSKT1 (p < 0.05). &: Statistically significant difference between GW and GW + VR 
or between GW and GW+ double VR (p < 0.05). 

Figure 3. Frequency speed of kick test in different warm up conditions. ? Statistically significant
difference with FSKT1 (p < 0.05). &: Statistically significant difference between GW and GW + VR or
between GW and GW+ double VR (p < 0.05).



Symmetry 2021, 13, 1664 8 of 12Symmetry 2021, 13, x FOR PEER REVIEW 8 of 12 
 

 

 
Figure 4. The kick decrement index (%) in different warm up conditions. ⋆: Statistically significant 
difference between GW and GW + VR or between GW and GW+ double VR (p < 0.05). 

4. Discussion 
To our knowledge, the current study is one of the few to compare the acute effects of 

different warm-up protocols (GW, GW + VR, and GW + double VR for weaker leg) on 
flexibility, CMJ, hexagon test performance, 505 agility test performance, and multiple fre-
quency speed of kick performance in elite collegiate male taekwondo athletes. The main 
findings are as follows: (a) The outcomes in the hexagon test were significantly better after 
the GW + VR protocol than after the GW warm-up protocol; (b) no differential warm-up 
effects were observed in terms of flexibility, CMJ, and 505 agility test; (c) the KDI (%) after 
the GW + VR and GW + double VR protocols was significantly lower than that after the 
GW warm-up protocol, and (d) the kick numbers in FSKT 5 were significantly higher after 
the GW + VR and GW + double VR protocols than after the GW warm-up protocol. 

No significant differences were noted among the three warm-up protocols in terms 
of flexibility, CMJ, and 505 agility test outcomes. Similar to our findings, Lin et al. [27] 
reported that DS followed by VR was not significantly superior to DS in terms of knee 
flexion range of motion and outcomes in the CMJ and badminton agility test, although 
two warm-up protocols improved performance. Behara and Jacobson found no significant 
effect of a warm-up protocol involving a deep tissue roller and DS on vertical jump power, 
peak, average knee flexion, and extension isometric torque [42]. In addition, Su et al. [25] 
revealed no significant differences in the effects on isokinetic quadriceps and hamstring 
muscle strength between the foam rolling and DS protocols. 

Su et al. [25] reported that the quadriceps and hamstring flexibility significantly im-
proved after foam rolling compared with static and dynamic stretching. Chen et al. [28] 
found that relative to the general warm-up protocol comprising running, DS followed by 
VR significantly increased knee flexion range of motion and reduced hamstring muscle 
stiffness in handball players with limited hamstring flexibility. The nonsignificant results 
in the current study may be attributed to the fact that taekwondo athletes already have a 
high degree of flexibility, and the resulting ceiling effect may have affected the results. 

Little is known about the differential effects of different warm-up protocols on lower-
limb hexagon test outcomes. Only the GW + VR warm-up protocol yielded a shorter jump-
ing time than did the GW protocol in the current study. However, the hexagon test is a 
measure of speed, power, and agility [36,43], and the results may indicate lower extremity 
injury risk [44]. For example, a study revealed that the outcome time in the hexagon test 
was significantly correlated with 20 m linear sprint time, change of direction (COD), and 
jump performance in tennis players [36]. Similarly, Tsai and Chen demonstrated that the 

Figure 4. The kick decrement index (%) in different warm up conditions. ?: Statistically significant
difference between GW and GW + VR or between GW and GW+ double VR (p < 0.05).

4. Discussion

To our knowledge, the current study is one of the few to compare the acute effects
of different warm-up protocols (GW, GW + VR, and GW + double VR for weaker leg)
on flexibility, CMJ, hexagon test performance, 505 agility test performance, and multiple
frequency speed of kick performance in elite collegiate male taekwondo athletes. The main
findings are as follows: (a) The outcomes in the hexagon test were significantly better after
the GW + VR protocol than after the GW warm-up protocol; (b) no differential warm-up
effects were observed in terms of flexibility, CMJ, and 505 agility test; (c) the KDI (%) after
the GW + VR and GW + double VR protocols was significantly lower than that after the
GW warm-up protocol, and (d) the kick numbers in FSKT 5 were significantly higher after
the GW + VR and GW + double VR protocols than after the GW warm-up protocol.

No significant differences were noted among the three warm-up protocols in terms
of flexibility, CMJ, and 505 agility test outcomes. Similar to our findings, Lin et al. [27]
reported that DS followed by VR was not significantly superior to DS in terms of knee
flexion range of motion and outcomes in the CMJ and badminton agility test, although
two warm-up protocols improved performance. Behara and Jacobson found no significant
effect of a warm-up protocol involving a deep tissue roller and DS on vertical jump power,
peak, average knee flexion, and extension isometric torque [42]. In addition, Su et al. [25]
revealed no significant differences in the effects on isokinetic quadriceps and hamstring
muscle strength between the foam rolling and DS protocols.

Su et al. [25] reported that the quadriceps and hamstring flexibility significantly
improved after foam rolling compared with static and dynamic stretching. Chen et al. [28]
found that relative to the general warm-up protocol comprising running, DS followed by
VR significantly increased knee flexion range of motion and reduced hamstring muscle
stiffness in handball players with limited hamstring flexibility. The nonsignificant results
in the current study may be attributed to the fact that taekwondo athletes already have a
high degree of flexibility, and the resulting ceiling effect may have affected the results.

Little is known about the differential effects of different warm-up protocols on lower-
limb hexagon test outcomes. Only the GW + VR warm-up protocol yielded a shorter
jumping time than did the GW protocol in the current study. However, the hexagon test is
a measure of speed, power, and agility [36,43], and the results may indicate lower extremity
injury risk [44]. For example, a study revealed that the outcome time in the hexagon test
was significantly correlated with 20 m linear sprint time, change of direction (COD), and
jump performance in tennis players [36]. Similarly, Tsai and Chen demonstrated that the
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drop jump height and hip muscle power increased 2 min after foam rolling (each muscle
was rolled for 1 min) [45].

Furthermore, the current study demonstrated no differences in the outcomes of the
hexagon test between the GW + double VR protocol for the weaker leg and GW protocol.
A possible reason for this finding is that foam rolling times greater than 90 s promote knee
extension muscular fatigue [46].

To our knowledge, few studies have examined the acute effect of a warm-up protocol
on asymmetry. Our results revealed that the GW + VR and GW + double VR protocols
did not improve the CMJ asymmetry performance, which is consistent with a study that
reported no significant effects of a loaded warm-up protocol on a single leg CMJ asymmetry
performance [47]. For example, the previous study reported no significant differences in
the change of direction speed, single-leg CMJ, or single-leg CMJ asymmetry performance
between the traditional dynamic warm-up protocol (including DS, jogging, step, jump,
and corner shadow play drill) and a warm-up protocol with a weight vest (10% body mass
vest was worn for the performance jump and corner shadow play drill [47]. In contrast,
Mangine et al. revealed that rugby athletes completed three maximal, 40 m sprint trials
while being tethered to a robotic resistance device (loaded at 147.1N), which reduced the
bilateral asymmetry [48].

Notably, during the multiple FSKTs, participants performing the GW + VR and
GW + double VR warm-up protocols were more fatigue-resistant than were those perform-
ing the GW warm-up protocol. In addition, the kick number in FSKT 5 was significantly
higher after the GW + VR (21.13 ± 1.96 reps) and GW + double VR (20.93 ± 1.67 reps) than
after the GW (19.27 ± 1.62 reps) protocol.

Relevant research reporting findings similar to ours is limited. Santos et al. studied
the effects of four warm-up conditions (half-squat, jumps, half-squat + jumps, and control
[5 min jogging and 3 min rest]) on taekwondo athletes and reported no differences between
their effects on CMJ, but the kick performance in the half-squat + jumps protocol with a
10 min rest (kicks 23 ± 5 reps) was superior to that in the controls (kicks 19 ± 3 reps) [14].
The improvement in the kick performance may be because warm-up protocols increase
muscle activity and blood flow. For example, Aandahl et al. [15] revealed that kicking
with elastic resistance during a warm-up had a positive effect on kicking velocity and
increased rectus femoris muscle activity. Another study reported significant increases in
rectus femoris, vastus lateralis, and vastus medialis muscle activity after a VR (32 Hz, 5 min)
intervention targeting the hamstring [24]. Moreover, DS or VR exercises increase muscle
temperature and blood circulation [49–51], which may improve sports performance [28].

Regarding the effects of different warm-up protocols on fatigue, a related study
revealed that the DS + VR protocol yielded greater hamstring muscle endurance than did
general running warm-up and DS protocols [28]. In addition, a single bout of FR for 30 s
significantly restored the loss of maximal isometric voluntary force of the knee extensors
compared with no treatment [52]. Although Healey et al. revealed no significant differences
between the foam rolling and control (planking intervention) protocols in terms of isometric
squat force, pro agility, and vertical jump, they reported significantly less fatigue among
participants after foam rolling than after the control protocol [53]. In contrast, another
study reported higher muscular fatigue after a foam rolling intervention (more than 90 s)
than after the control protocol [46].

Furthermore, in the present study, both the GW + VR and GW + double VR warm-up
protocols were more effective than the GW was in improving kick performance. This find-
ing may be explained by the use of trunk stabilization exercises (e.g., plank exercise), which
involve isometric contraction and activate the rectus abdominus and external oblique
abdominis muscles [54]. For example, to perform exercises targeting the quadriceps, the
participants were required to be in a prone position with the foam roller under their thighs,
and their forearms were on the ground in a planking position. Therefore, these proto-
cols may increase trunk muscle strength and coordination, thus improving explosive leg
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movements (e.g., rebound jump reactive strength index) [55] and resulting in immediate
improvements in dynamic balance in male soccer players [56].

This study has some limitations. First, the participants were healthy male elite college
taekwondo athletes with high flexibility. Results may differ for other athletic populations
or for individuals with limited flexibility. Second, the participants performed the VR
protocol on the quadriceps and hamstring muscles; therefore, the VR results may differ
for other muscle groups (e.g., quadriceps, hamstrings, adductors, calf muscles, and the
ili-otibial tract).

5. Conclusions

The results demonstrated that although the effect of the GW + VR and GW + double
VR protocols for the weaker leg on flexibility, CMJ, and 505 agility did not differ from
that of the GW protocol, superior effects of GW + VR were found in the hexagon test.
In addition, the GW + VR and GW + double VR protocols for the weaker leg increased
the number of kicks and enhanced fatigue resistance compared with the GW protocol,
which may improve taekwondo kick performance and reduce the risk of injury in the
lower extremities.

Author Contributions: Conceptualization, C.-H.C. (Che-Hsiu Chen); methodology, C.-H.C. (Chih-
Hui Chiu); validation, I.-L.W.; formal analysis, Y.-F.L. and C.-H.H.; investigation, K.-M.C.; writing—
original draft preparation, C.-H.C. (Chih-Hui Chiu) and A.-H.C.; writing—review and editing,
C.-H.C. (Che-Hsiu Chen), I.-L.W. and Y.-S.T.; project administration, Y.-F.L. and K.-M.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by NTSU, 110DG00112.

Institutional Review Board Statement: Jen-Ai Hospital (approval number: IRB-108-61).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to this not being included in the
Institutional Ethics Committee approval.

Acknowledgments: The authors thank those who participated in this study as well as the Sports Sci-
ence Research Center of National Taiwan University of Sport in Taiwan for its support (110DG00112).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Heller, J.; Peric, T.; Dlouha, R.; Kohlikova, E.; Melichna, J.; Novakova, H. Physiological profiles of male and female taekwon-do

(ITF) black belts. J. Sports Sci. 1998, 16, 243–249. [CrossRef] [PubMed]
2. Markovic, G.; Misigoj-Durakovic, M.; Trninic, S. Fitness profile of elite Croatian female taekwondo athletes. Coll. Antropol.

2005, 29, 93–99.
3. Yoon, S.D.; Sung, D.H.; Park, G.D. The effect of active core exercise on fitness and foot pressure in Taekwondo club students.

J. Phys. Ther. Sci. 2015, 27, 509–511. [CrossRef]
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