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Abstract: In volleyball matches, there are three minute intervals between sets. Therefore,
the improvement of the muscle output ratio is one of the most import foundational physical
elements for the players. The purpose of this study was to investigate the effects of plyometric training
on the changes in electrical signals in the lower limb muscles of male college volleyball players
during continuous blocking and to examine the benefits of plyometric training on blocking agility
and maximum vertical jump height. In this study, twenty elite male college volleyball players were
recruited and divided into a plyometric training group (PTG) and a control group (CG). The wireless
electromyography was used for data acquisition, and the electrodes were applied to the left and
right rectus femoris, biceps femoris, tibialis anterior, and gastrocnemius. The median frequency was
used as the measurement of the electromyographic signals during the jumping blocks. This study
used covariate analysis methods, with previously measured results used as covariates to perform
a two-way analysis of covariance for the independent samples. Based on the results of this study,
after 6 weeks of training, the median frequency of the rectus femoris (2.13% to 4.75% improved) and
that of the tibialis anterior muscles (4.14% to 7.71% improved) were significantly lower in the PTG
than in the CG. Additionally, the blocking agility increased by 6.26% and the maximum vertical jump
height increased by 3.33% in the PTG compared to the CG. The findings provide important insights
on the neuromuscular status for volleyball players during continuous blocking jumps. Six weeks of
appropriate plyometric training can facilitate the performance of volleyball players.

Keywords: muscular activity; blocking agility; maximum vertical jump height; median frequency

1. Introduction

Jumping ability is essential for performance in volleyball. Superior rebounding not only enables
players to gain a competitive advantage on offense (increasing blocking height and attack angle) but
also allows for a larger defensive range [1–3]. To increase the vertical jumping ability, weight-bearing
jumping or plyometric jump-training methods can effectively improve leg muscles and explosive power,
thereby improving overall strength and coordination in the legs. Vertical jumping is an important
basic skill in many sports [4], but repetitive jumping is the primary cause of muscle fatigue. A study
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by Merletti and Parker [5] showed that the sites of neuromuscular fatigue can be divided into the
following three major categories: central fatigue, fatigue of the neuromuscular junction, and muscle
fatigue. Power-generating nerve signal transmission can be divided into central and peripheral nerve
levels; thus, fatigue can be classified as central fatigue or peripheral fatigue based on the different
sites of fatigue. Decreased muscle strength during fatigue is accompanied by central and peripheral
effects. The former is associated with a decrease in the number of motor units involved in the action or
a reduction in the frequency at which motor units are evoked.

It is well known that fatigue caused by vertical jumping can alter muscular characteristics, reduce
muscle effectiveness, and change the maximum joint torque [6,7]. However, superior vertical jumping
ability requires an excellent coordination of movements, that is, the ability to control and adjust
musculoskeletal characteristics [8]. Therefore, fatigue may be a factor that causes changes in the central
nervous system (CNS) and alters the coordination of the limbs during vertical jumps. The effects of
post-jump fatigue on motor coordination have been discussed in previous studies [9–11], and the
results showed that continuous jumping can reduce knee and ankle strength. Additionally, in the case
of decreased muscle strength, it is not possible to improve strength even if the range of motion of the
lower limb joints is increased.

Previous studies [12] have indicated that the rectus femoris, vastus lateralis, vastus medialis, and
biceps femoris are the primary muscles used during squat jumps. After 50 repeated squat jumps, the
maximum voluntary contraction of the knee extensors decreases by 25 ± 11%, but there is no significant
change in the knee flexors. In ve Dikey et al. [13], the correlation between maximum isokinetic strength,
muscle activity, and jump height in 12 elite male volleyball players was investigated. The results
of the study showed that hamstring/quadriceps ratios were greatest at an angular velocity of 240◦/s.
Additionally, the degree of biceps femoris activity was greater than that of the vastus lateralis and
vastus medialis regardless of the angular velocity, and the degree of activity of the biceps femoris and
the rectus femoris was consistent. The degree of muscular activity (MVC%) of the knee extensors
and knee flexors increases with increasing fatigue. Therefore, some studies have recommended the
evaluation of vertical jumping based on actual sports conditions [14,15]. In this method, individuals
performed intermittent fixed-height jumps, such as intermittent jumps to 95% of the maximum vertical
jump height, until the target jump height cannot be reached for three consecutive attempts. The degree
of fatigue is estimated from the resting interval after each jump and the number of vertical jumps [14].

Plyometric training is a typical high-intensity exercise, and the generated peripheral fatigue can be
significantly improved after plyometric training [16]. A main finding is that the maximum voluntary
contraction and degree of activity generated by muscles are significantly improved after plyometric
training [17]. Plyometric training can effectively enhance muscle activity and improve the muscle
output ratio. This effect not only significantly increases the maximum jump height but also enhances
the coordination of the lower limb muscles [18]. Plyometric training is a jumping training method that
uses the physiological phenomenon of a stretch shortening cycle (SSC) to produce stronger contractions
during the centripetal contraction phase [19]. Because volleyball players must perform movements
such as repeatedly jumping, sprinting and changing direction, this training method is appropriate for
targeting their physical training needs and is widely applicable [20,21].

According to previous studies, plyometric training has many positive effects on volleyball players.
However, most of the prior studies focused on improvements in general physical abilities due to
plyometric training. In this study, sport-specific tests were evaluated with game-like situations
simulating volleyball blocking jumps. The tests required repetitions of blocking jumps, during which
the fatigue state of the lower limb muscles was recorded. The measurement methods used in this
study were modified from the study by Sheppard et al. [1], which used repetitive jumping blocks in
competition-like conditions. Surface electromyography with electrodes attached to the lower limb
muscle groups were used to elucidate the mechanisms and conditions caused by muscle fatigue.
Plyometric training was used to strengthen muscle groups prone to fatigue so as to reduce the rate at
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which fatigue develops and enhance athletic performance. The initial hypothesis of this study was that
plyometric training can induce positive changes in muscle activities in male college volleyball players.

2. Methods

2.1. Participants

This study was designed to be similar to a blocking action situation in actual competition. Players
were divided into a plyometric training group (PTG) and a control group (CG) during the training
period. Before entering the training cycle, the players in both groups underwent a pre-test. The PTG
underwent six weeks of training after the pre-test, and the CG maintained the original training program.
The two groups underwent a post-test after six weeks. In this study, 20 elite male college volleyball
players were used as the study participants, and they were equally divided into the PTG (n = 10; mean
age = 21.5 ± 1.2 years; mean height = 186.5 ± 5.1 cm; mean weight = 78.1 ± 4.7 kg) and the CG (n = 10;
mean age = 22.1 ± 1.5 years; mean height = 176.5 ± 4.4 cm; mean weight = 77.4 ± 5.2 kg). All the
participants in the study had participated in professional volleyball training for over five years and
were registered in the men’s Division I of the Republic of China University Volleyball League. The
subjects were free of major musculoskeletal system disorders within the year preceding the study. This
study conducted experiments using competition-like conditions during testing. Although slightly
different from the actual competition conditions, verbal cues were used in the experiment, and the
participants were required to make their best effort. All subjects gave their informed consent for
inclusion before they participated in the study. The study was conducted in accordance with the
Declaration of Helsinki, and the protocol was approved by the Ethics Committee of Fu Jen Catholic
University Institutional Review Board (C103117).

2.2. Data Collection

In this study, 10 Vicon T40 motion capture systems (Vicon MX-Giganet, Oxford Metrics Ltd., UK)
and Nexus software (Version 4.0.2.; Vicon Motion System Ltd, UK) were used with a frame rate of
250 Hz. One marker was attached on the seventh cervical vertebra (C7) to assess the jump height. In
this study, wireless electromyography (BTS Free EMG; BTS Bioengineering Corp., USA) was used by
attaching electrodes to muscle groups in the left and right legs, including the rectus femoris (RFM),
biceps femoris (BFM), tibialis anterior (TAM), and gastrocnemius (GM) [22]. The sampling frequency
was set to 1000 Hz. According to previous research [22], five muscles, each with their own specific
anatomical function, have the major influences on jumping movements, as follows: RFM (hip joint
flexion, knee joint extension), BFM (hip joint extension, knee joint flexion), vastus lateralis muscle
(knee joint extension), GM (knee joint flexion, ankle plantar flexion), and TAM (ankle dorsiflexion,
inversion). In this study, the athletes were required to perform blocking jumps in two directions
for a total of 14 times. We aimed to observe the muscles that dominated in at least two functions
during the blocking jumps. Therefore, the EMG measurements of the RFM, BFM, TAM, and GM
were recorded. The blocking agility system (1000Hz sampling frequency) was used to record the total
response time [23].

2.3. Experimental Design

Actual testing was performed as modified in the study by Sheppard et al. [1]. The blocking target
was placed three meters away from the starting position of the movement, and the blocking height was
set to 90% of the subject’s individual jump height. The subjects performed 14 moving blocks. A total of
three groups of tests (T1, T2, T3) were performed, with a three-minute rest between the groups. To give
the subjects a fixed load, the blocking agility (BA) test from a study by Ho et al. [23] was used, with an
eight-second interval between the blocks. All the data in this study were collected simultaneously
using the Vicon server. The site layout is shown in Figure 1.
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Figure 1. Diagram and explanation of the blocking agility test for volleyball. The athlete was required
to perform a total of 14 blocks from two directions. The blocking agility test system and wireless
electromyography (BTS Free EMG) were set in the front of the athlete.

2.4. Procedures

Before the start of the experiment, the participants were collectively informed about the purpose of
the study and the experimental process, and any issues needing attention were addressed. Additionally,
their rights during the study were disclosed, after which the subjects gave written informed consent.
One week before testing, all the participants were provided with information about the experiment and
administered two practice tests. During the course of the experiment, the subjects were instructed to not
change their daily training program or training volume. The PTG underwent six weeks of plyometric
training during the study. The primary purpose of their regimen was to train the muscle groups in the
legs. The training program for this study was formulated as described by Makaruk and Sacewicz [18]
(Table 1). During the six-week plyometric training program, the subjects participated in training
sessions twice a week. The intensity and training volume of the regimen was based on the number
of groups and repetitions proposed by Piper and Erdmann [24]. Two weeks of medium-intensity
training and four weeks of high-intensity training were implemented in the program to improve the
transmission of the CNS signals in the subjects and avoid excessive load or fatigue.
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Table 1. Plyometric training program (PTG).

Plyometric Training Program
Number of Sets × Number of Rebounds

Week 1–2
(Sets × Rebs)

Week 3–4
(Sets × Rebs)

Week 5–6
(Sets × Rebs)

Standing vertical hops 2 × 10

Single foot hops 4 × 8

Multiple two-foot hurdle jumps (hurdle height 0.55 m) 6 × 6

Counter movement jumps 3 × 5

Depth jumps (drop box height 0.20 m) 3 × 6

Lateral two-foot jumps 2 × 10

Two-foot jumps 4 × 8

Counter movement jumps 3 × 5

Multiple two-foot hurdle jumps (hurdle height 0.65 m) 6 × 6

Depth jumps (drop box height 0.30 m) 3 × 6

Two-foot jumps forward and backward: 2 × 10

Single foot jumps 2 × 8 on each foot

Counter movement jumps 3 × 5

Multiple two-foot hurdle jumps (hurdle height 0.76 m) 6 × 6

Depth jumps (drop box height 0.40 m) 3 × 6

2.5. Dependent Measures

The parameters investigated in this study were the myoelectric signals, blocking agility (BA), and
the maximum vertical jump height. The collection and processing of each parameter are described
as follows:

1. Collection and processing of the maximum vertical jump height
The participants were asked to stand on a force plate to perform a countermovement jump,

which was measured using a three-dimensional motion capture system. The maximum vertical jump
height test was performed three times. A program was written in Matlab software (Version R2008a;
The MathWorks Inc., USA) to calculate the height of the highest point after the player takes off.

2. Blocking agility (BA) test
The subjects were required to warm up adequately for 10–15 min, with special attention focused

on extending the joint ligaments in the legs. The subjects could complete the warm-up when they felt
comfortable and ready. In the test, the blocking agility system was used to produce visual stimuli and
record the total response time during blocking. The examiner gave a voiced signal to the athlete and
triggered the blocking agility test system at the same time. The light cue was activated as stimulation
8 s after the system was triggered. During the BA test, the subjects were instructed to land on both feet.
The actions were performed seven times in each direction (left and right) for a total of 14 blocks, and
three repeated sets of records were analyzed. The subjects were directed to stand in the preparation
area, which was three meters away from the blocking point, and to wait for a light to turn on. When the
light turned on, the subject completed the blocking action as quickly as possible by touching the target.

3. Collection and processing of the muscle median frequency
Free EMG was used to wirelessly transmit data to a computer, and the collected EMG data were

stored and Matlab 7.0.1 was used to read and write a program. The EMG signals were band-pass filtered
(10–500 Hz) with a fourth order Butterworth filter. The median frequency (MDF) was derived from the
EMG data; MDF is the frequency value that divides the power spectrum into two equal regions and is
considered a reliable method for assessing muscle fatigue during exercise [25]. Studies [26,27] have
shown that when muscles become fatigued, high-frequency motor units are evoked less frequently,
and low-frequency motor units are evoked more frequently and recruited in larger numbers. This
increases the slow contraction effects and slows muscle fiber conduction velocity, such that the MDF of
the power spectrum is biased towards low frequencies (Figure 2); this characteristic can be used to
assess muscle fatigue.
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2.6. Statistical Analysis 

The Statistical Package for the Social Sciences (SPSS) 20.0 software (version 20.0; SPSS Inc., 
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data was tested using the intra-class correlation coefficient (ICC). This study primarily investigated 
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Figure 2. The signals of surface electromyographic activity and the results of median frequency (MDF)
on the lower extremity muscles. (a) The EMG signals for the rectus femoris (RFM), biceps femoris
(BFM), tibialis anterior (TAM), and the gastrocnemius (GM) during the blocking jumps. The time series
of the EMGs were captured and analyzed between the subject contact “*” with the force-plate and
when it leaves “o”. (b)The median frequency of the signal spectrum.

2.6. Statistical Analysis

The Statistical Package for the Social Sciences (SPSS) 20.0 software (version 20.0; SPSS Inc., Chicago,
IL, USA) was used for the statistics and data analysis. First, the reliability of the measured data was
tested using the intra-class correlation coefficient (ICC). This study primarily investigated the effects
of plyometric training and continuous blocking on the MDFs of the RFM, TAM, GM, and BFM of
the study participants. Descriptive statistics methods were used to describe the median frequency
of the participants tested before and after the blocking rounds. As some interfering factors in actual
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experimental situations can affect experimental results, a two-way analysis of covariance (ANCOVA)
with pre-test performance as the covariate was used to correct for sources of error and increase the
accuracy. If the effect of the two factors reached the level of significance, a simple effects test (Bonferroni
post-hoc test) was performed. If the interaction did not reach the level of significance, a main effects
test was performed. The significance level was set at alpha ≤ 0.05.

3. Results

The pre- and post-test ICCs for the MDF (RFM, TAM, GM, and BFM) and jump performances
are shown in Table 2. All the variables showed moderate to excellent results. ANCOVA, which was
used in this study, requires that the variables in the data are homogeneous. The results of Levene’s
test showed that all the variables were homogeneous (p > 0.05) and that there were no interactions
between the covariate and the independent variables that met the basic assumptions for ANCOVA.

Table 2. The pre- and post-test intra-class correlation coefficient (ICC) for the MDF (RFM, TAM, GM,
and BFM) and jump performances (blocking agility (BA) and maximum vertical jump height).

MDF Jump Performances

RFM TAM GM BFM BA Maximum Vertical
Jump Height

Pre-test 0.991 0.976 0.614 0.660 0.973 0.964
Post-test 0.978 0.936 0.560 0.690 0.988 0.983

3.1. Muscle Activities of Blocking Jumps

The results of pre- and post-testing in the PTG and CG (Table 3) show that as the number of
rounds increased, the MDF of both the RFM and TAM decreased, but the MDFs of the GM and BFM
did not. The frequency was highest in the BFM followed by the TAM; the frequencies of the RFM and
GM were similar. The differences in the RFM reached the level of significance with respect to the group
and group × round but not with respect to the round. The comparison of the marginal means showed
that the PTG > the CG. The differences in the TAM reached the level of significance with respect to the
group and group × round but not with respect to the round. The comparison of the marginal means
showed that the PTG > the CG. The differences in the GM did not reach the level of significance with
respect to the group, round, or group × round. The differences in the BFM did not reach the level of
significance with respect to the group, round, or group × round. As the interaction between the RFM
and the TAM reached the level of significance with respect to the group × round, a simple main effects
test was performed. The results for the RFM in the CG showed that the MDF decreased by 11.55% and
20.61% in the second and third rounds of the pre-test, respectively, and by 11.04% and 21.52% in the
second and third rounds of the post-test, respectively, exhibiting similar declines. In the PTG, the MDF
decreased by 13.49% and 22.42% in the second and third rounds of the pre-test, respectively, and by
11.36% and 17.67% in the second and third rounds of the post-test, respectively; the decrease in the
MDF in the PTG was significantly slower than that in the CG. The results of the MDF for the TAM
in the CG showed that the MDF decreased by 23.96% and 31.79% in the second and third rounds of
the pre-test, respectively, and by 22.20% and 30.99% in the second and third rounds of the post-test,
respectively; the degrees of decline in the MDF were nearly the same in both groups. In the PTG, the
MDF decreased by 25.08% and 35.02% in the second and third rounds of the pre-test, respectively, and
by 20.94% and 27.31% in the second and third rounds of the post-test, respectively.
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Table 3. Values are the mean ± standard deviation. Data are reported for the MDF of the RFM, BFM, TAM and the GM during the blocking jumps. The unit of MDF is
hertz (Hz).

PTG CG Interaction
Effect (F-value)

Simple Effects
(F-value) Post-hoc Test

T1 T2 T3 T1 T2 T3

RFM
Pre-test 109.7 ± 7.2 94.9 ± 3.7 85.1 ± 3.1 108.2 ± 6.4 95.7 ± 4.4 85.9 ± 3.9

23.624 **
T1 = 0.301

T2 = 8.136 *
T3 = 40.690 **

PTG > CG
PTG > CGPost-test 109.2 ± 6.6 96.8 ± 3.6 89.9 ± 3.5 107.8 ± 6.4 95.9 ± 3.7 84.6 ± 4.0

BFM
Pre-test 200.4 ± 9.5 172.2 ± 32.8 172.4 ± 27.3 188.1 ± 19.4 174.8 ± 35.8 178.7 ± 30.1

1.639
Post-test 193.6 ± 5.6 174.3 ± 27.7 170.9 ± 27.1 187.4 ± 18.6 188.1 ± 18.4 183.1 ± 27.8

TAM
Pre-test 182.2 ± 7.7 136.5 ± 4.3 118.4 ± 7.2 174.9 ± 15.9 133.0 ± 2.9 119.3 ± 6.7

11.086 **
T1 = 1.284

T2 = 95.390 **
T3 = 109.149 **

PTG > CG
PTG > CGPost-test 180.5 ± 6.2 142.7 ± 6.4 131.2 ± 2.7 170.7 ± 17.7 132.8 ± 3.0 117.8 ± 7.6

GM
Pre-test 101.1 ± 28.9 94.4 ± 11.2 100.9 ± 14.2 95.3 ± 9.3 95.5 ± 8.1 100.9 ± 97.2

1.093
Post-test 96.1 ± 29.3 87.5 ± 14.0 92.9 ± 10.2 92.0 ± 21.4 93.4 ± 9.7 99.1 ± 9.1

PTG: plyometric training group; CG: control group. The table indicates significant change (post–pre) when using the pre-test score as a covariate: * p < 0.05; ** p < 0.01. RFM: rectus femoris
muscle; BFM: biceps femoris muscle; TAM: tibialis anterior muscle; GM: gastrocnemius muscle.
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3.2. Jump Performances

Table 4 shows the BA of the two groups measured before and after training. The average BA
test score over the three rounds in the PTG and CG was 2.08 ± 0.14 s and 2.09 ± 0.14 s in the pre-test,
respectively, and 1.95 ± 0.11 s and 2.08 ± 0.17 s in the post-test, respectively. This shows that the
magnitude of decrease in the post-test was larger in the PTG than in the CG. The ANCOVA results
showed that the BA test reached the level of significance with respect to the group but not with respect
to the round or group × round (p > 0.05). Since there were only two levels of group factors, comparing
the marginal means showed that the PTG > the CG; that is, the BA of the PTG was significantly higher
than that of the CG. However, the results of the descriptive statistics showed that in the CG, the BA
increased by 0.48% and 1.93% in the second and third rounds of the pre-test, respectively, and by 0.97%
and 1.46% in the second and third rounds of the post-test, respectively, exhibiting similar increases.
In the PTG, the BA increased by 1.96% and 3.43% in the second and third rounds of the pre-test,
respectively, and by 1.04% and 1.55% in the second and third rounds of the post-test, respectively.

Table 4. Values are the mean ± standard deviation. Data are reported for the blocking agility (BA) test.
The unit of BA is second (s).

PTG CG Interaction
Effect

(F-value)

Main
Effects

(F-value)

Post-hoc
TestT1 T2 T3 T1 T2 T3

Pre-test 2.04 ± 0.16 2.08 ± 0.13 2.11 ± 0.13 2.07 ± 0.15 2.08 ± 0.16 2.11 ± 0.13
0.618 58.287 ** CG > PTGPost-test 1.93 ± 0.12 1.95 ± 0.12 1.96 ± 0.11 2.06 ± 0.16 2.08 ± 0.16 2.09 ± 0.18

PTG: plyometric training group; CG: control group. The table indicates significant change (post–pre) when using
the pre-test score as a covariate: ** p < 0.01.

Table 5 shows the maximum vertical jump height of the two groups measured before and after
training. The average jump height in the PTG and CG were 67.04 ± 3.83 cm and 66.86 ± 4.06 cm in the
pre-test, respectively, and 69.27 ± 3.87 cm and 66.79 ± 3.76 cm in the post-test, respectively. This shows
that the PTG had a large magnitude of improvement after six weeks of plyometric training. There were
significant differences between the groups. Comparing the marginal means showed that the PTG > the
CG, that is, the plyometric training could effectively improve the maximum vertical jumping ability of
the study participants.

Table 5. Values are the mean ± standard deviation. Data are reported for the maximum vertical jump
height. Units in centimeters (cm).

PTG CG F-value Post-hoc Test

Pre-test 67.04 ± 3.83 66.86 ± 4.06
26.862 ** PTG > CGPost-test 69.27 ± 3.87 66.79 ± 3.76

PTG: plyometric training group; CG: control group. The table indicates significant change (post–pre) with the
pre-test score as a covariate: ** p < 0.01.

4. Discussion

Based on the results of this study, the decrease in the MDF of the RFM and TAM was significantly
lesser in the PTG after six weeks of training compared to that of the CG, and there was significant
improvement in both the BA performance and maximum vertical jump height in the PTG.

From the results, the MDF increased in both the RFM and TAM as the number of rounds increased.
In other words, under the effects of the exercise load in this study, the contraction ability of the muscles
was reduced, and the characteristics of the power spectrum were altered. Among the MDF data
for the four muscles, the TAM showed the greatest improvement. However, the MDF of these four
muscles still decreased as the number of rounds in the blocking test increased. The amount of muscle
recruitment in various parts of the legs when jumping was studied [22], and the results showed that
the principal muscle groups recruited when performing squat jumps are the TAM > RFM > GM >
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BFM; that is, the TAM and RFM are the principal muscle groups used when jumping. In the results
of the continuous jump blocking test conducted on the study participants in the present study, the
decrease in MDF in the legs improved in the PTG after a six-week interventional training; this result is
consistent with that of previous studies [16]. The report [16] indicated that the plyometric training (PT)
increased central fatigue significantly by about 15–20%, but significantly decreased peripheral (muscle)
fatigue during the 2-min MVC by about 10% in the quadriceps femoris. In this study, the MDF of the
RMF and TAM of the PTG and CG decreased by similar percentages in the pre-test. However, the MDF
of the PTG was significantly higher than that of the CG in the second round (by 2.13% and 4.14% for
the PTG) and the third round (by 4.75% and 7.71% for the PTG). In other words, plyometric training
can delay the decrease in MDF, but it cannot alter the development of fatigue.

The ANCOVA results show that the BA of the PTG improved significantly after six weeks of
training. Although not reflected as statistically significant, the BA increased as the number of rounds
increased. These results show that the change occurred more gradually in the PTG. With respect to the
average percentage of improvement, the PTG improved by 6.26% after six weeks of interventional
training, whereas the CG improved by only 0.48%. In volleyball, blocking is not only a defensive skill
but also a skill essential for scoring. In team sports, the defensive ability is considered to be a display of
individual agility [28,29]. Agility is an important index in team sports and therefore must be improved
through functional training. Improving the ability of the neuromuscular system to adapt and control
may be factors that improve BA. Plyometric training can stimulate the CNS signal transmission, which
can improve the stretch-shortening cycle ability in the leg muscles. Through the training process,
exercise patterns involving the ability to change directions in a short period of time can produce the
effect of muscle stretching–contraction–circulation, yielding the benefits of reflexive muscle strength
and stretch reflex characteristics and improving the instant reaction ability.

The ANCOVA results showed that the standing jump height in the PTG after six weeks of
training was significantly higher than that of the CG, increasing by 2.23 cm (3.33%) in the PTG and
slightly decreasing by 0.07 cm (–0.10%) in the CG. Although the improvement in the PTG was only
approximately 2 cm, a difference in height of 2 cm is a sign of approaching the ability to break through
the maximum limits of the body in players performing at high levels. The results of the previous
studies have shown that undergoing plyometric training two to three times a week can effectively
improve the maximum output power and the rebounding ability of muscles [30], and the results of the
present study are consistent with those of previous studies.

The results from this study show that repeated jumping causes fatigue-related declines in the
RFM and TAM. In particular, blocking jumps require fast SSC muscle activity. Because of the lower leg
muscle activity in the braking phase, the muscle stiffness decreases and simultaneously diminishes
the efficacy of SSC actions [31,32]. To achieve the maximum rebound in muscle elastic strain energy
during the push-off phase, the muscle must maintain a high stiffness during the braking phase [33].
Therefore, the EMG activities change during the jump, depending on the stiffness of the muscle. In
this study, the power spectrum of MDFs (RFM and TAM) was biased towards low frequencies. The
blocking agility test in this experiment comprised 14 blocking jumps, which required the athletes to
perform repeated SSC movements, which in turn led to declines in muscle activities. In this research,
a six-week plyometric training period was applied to provide additional loads on the athletes and
thereby stimulate adaptation. At the same time, the training program included sufficient rest time,
which is important for the recovery of muscle functions, thereby delaying the occurrence of muscle
fatigue and improving the CNS function after the training period. In addition, enhancements in the
acquired abilities through plyometric training primarily result from the stimulation of the muscular
and nervous systems, and the process of adaptation.

The athletes recruited in this study were sufficiently proficient and physically fit to fulfill the
requirements of volleyball matches. While we found effective improvements in these volleyball players
after plyometric training, we produced no conclusive results regarding the settings that should be
used for optimal effects. Further studies should help determine the appropriate intensity of plyometric
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training. The results of this study may not be generalizable to populations differing from the skill level,
sex and age. In this study, a potential weakness of the data collection method was that the BA test
program included a fixed exercise intensity. However, the exercise intensity in real games is variable;
therefore, the time intervals could be varied in future studies.

5. Conclusions

Based on the results of this study, six weeks of appropriate plyometric training can delay the
decrease in MDF in the RFM and TAM, improve vertical jump height, and significantly shorten BA in
volleyball players when movement and jumping are combined. Increasing the muscle strength and
coordination of movements in the legs facilitates rapid and complete movements during a moving
block; that is, the total power output during the nerve conduction and muscle contraction processes is
improved. For volleyball athletes, jumping high and fast and maintaining a high level of performance
on the court is the goal of training. Based on fundamental training principles (e.g., variation, periodicity,
individualization), recommendations to coaches include the use of different jumping loads to stimulate
adaptation in the athletes. Neuromuscular fatigue during continuous jumping can be evaluated using
the MDF after EMG spectrum analysis. Such markers can therefore be used to assess the fatigue
resistance of athletes in competition-like situations.
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