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Abstract: The aim of this study was to investigate the effects of rectus abdominis (RA) fatigue on
the jumping performance and landing loads of volleyball players during countermovement jumps
(CMJs) and spike jumps (SPJs). Twelve healthy university volleyball players were evaluated using
a three-dimensional motion analysis system, force plates, and surface electromyography (EMG).
The lowest center of mass (Min-CoM), maximum jumping height (Max-JH), angles of joints at take-off
and landing, joint moment of the lower limbs, and EMG parameters of the RA, erector spinae,
and lower limb muscles, when performing the CMJs and SPJs, were recorded before and after a
10 min RA muscle fatigue intervention. After RA fatigue, the Max-JH was significantly reduced,
and the lowest Min-CoM was significantly increased. The take-off angles changed significantly at
the ankle (SPJ), knee (CMJ), and hip (SPJ), and the plantar flexion torque changed significantly at
the SPJ touchdown. The contribution ratio of the feet during SPJs and CMJs changed after fatigue.
Temporary RA fatigue decreases the jump height of athletes and causes a change in the landing
strategy.

Keywords: muscle fatigue; volleyball; jumping performance; core muscle group

1. Introduction

The main actions of volleyball players are jumping and moving. In a game, volleyball
athletes need to jump more than 100 times [1]. The jumping height that they can achieve
due to their height and bounce ability is an important factor in scoring [2,3]. The vertical
jump test is frequently used as a performance assessment method for lower limbs and to
evaluate the impulse generated by an athlete [4,5]. It has a positive relationship with the
force-generation rate [6]. Therefore, in many studies, the countermovement jump (CMJ) has
been chosen as an assessment tool for jumping performance [7,8]. In addition to performing
a traditional vertical jump (CMJ or a squat jump), athletes perform spike jumps (SPJs) with
two legs to accelerate their centers of mass (CoM). Past research has shown that during SPJs,
athletes swing their arms down before jumping; this swing contributes 10% of the take-off
velocity [9], which increases the vertical ground reaction force and additional impulse
(the product of arm mass and swing speed) before the jump. Additionally, the change in
arm position raises the CoM and increases the instantaneous speed when departing the
ground [10].

The movement of a human body is a continuous chain process called a kinetic chain.
The lumbar vertebrae and the lumbosacral area are the turning points of the upper and
lower segments of the body; they bear the weight of the body and transmit strength to
the lower limbs [11]. The abdominal muscles are located in front of the lumbosacral area
and include the rectus abdominis (RA), internal oblique, external oblique, and transverse
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abdominis muscles. Strong abdominal muscles are important for maintaining stability
during intense or rapid movements. Research has shown that before the lower limbs
move to produce force, the transverse abdominis and multifidus muscles contract to help
stabilize the spine and assist the lower limbs in producing strength during movements [12].
The RA is a stabilizing muscle group on the surface. It mainly allows the spine to produce
large movements, such as trunk flexion, rather than stabilizing a single vertebral joint [13].
Sadeghi et al. [14] reported that after eight weeks of core-muscle training, athletes achieved
improvement in dynamic-balance ability and that the core muscle group affected the
transmission of limb strength. When athletes perform shoulder movements, both the
RA and the external oblique muscles are activated simultaneously to complete the action,
thereby affecting the load; this activation has the potential to decrease excessive forces on
the lower limbs when landing after a jump [14,15].

Muscle fatigue refers to a decrease in the ability of the neuromuscular system to
produce strength [16,17]. In previous studies, different methods were used to determine
whether the muscles had reached a fatigue state [18–21]. One method involved using elec-
tromyography (EMG) on repeated movements performed with the same intensity, wherein
a decrease in the median frequency (MDF) and an increase in the mean amplitude (AMP) of
the myoelectric signal showed a fatigue state [20]. Other studies determined fatigue when
the output of a muscle decreased to 50% of its maximum strength [18,19,21]. When muscle
fatigue occurs, both the ability to control movement [21,22] and the muscle activation abil-
ity [19] decrease. The ability to control muscles also decreases, with the greatest influence
on maximum muscle strength, muscle power, and speed of movement [23]. When athletes
experience abdominal muscle fatigue during competition or training, they are unable to
transmit strength to the limbs steadily; this affects the stability of the core muscles and
changes the movement style, which may increase the incidence of sports injuries [24]. Previ-
ous studies have reported that core-muscle training or abdominal-muscle training can effec-
tively increase athletes’ balance of movement or stabilize their limb strength [12,14,15,25].
However, the effects of abdominal muscle fatigue on lower limb jumping performance
and landing load in volleyball players remain unknown. In the current study, RA, a global
abdominal stabilizer located in the superficial abdomen, was selected to study this effect.
It is hypothesized that, when taking off after fatigue, first, the angle of hip, knee flexion,
and ankle dorsiflexion are significantly different for CMJs and SPJs. Second, the maximum
jumping height (Max-JH) significantly decreases for both types of jumps (CMJ and SPJ)
following fatigue. Third, during the CMJ and SPJ touchdown, the sagittal joint torque
of the lower limbs increases after RA fatigue. Fourth, the activation degree of the rectus
abdominis muscle decreases, and the activation degree of the lower extremity muscle
groups increases.

2. Materials and Methods
2.1. Sample Size Determination and Participants

For the measurement of Max-JH, the minimum number of participants required to
achieve an effect size of 1.2, a power of 0.8, and an alpha level of 0.05 was calculated,
using G*power 3.1, to be eight. To overcome a predicted dropout of at least half of these,
the anticipated sample size was increased to 12 participants.

Twelve healthy male volleyball players (university division I) participated in this
study. The average age, playing experience, height, and weight were 19 ± 0.8 years,
9.75 ± 1.7 years, 183 ± 6.0 cm, and 75.5 ± 8.4 kg, respectively. The dominant hand was
the right in eight participants and the left in four. All participants were assessed to ensure
that they had no abdominal or back disorders and that they had not suffered any major
injuries of the lower limbs in the six months preceding the commencement of this study.
All participants were informed of the purpose of the study, the procedures, and their rights
before obtaining their written consent, in accordance with the Declaration of Helsinki.
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2.2. Equipment

The kinematic data were collected using a three-dimensional motion analysis system
(T20S, VICON, Oxford, UK). This system is composed of eight infrared high-speed cameras
with a capture frequency of 300 Hz, two 3-axis force plates with an area of 90 × 60 cm2

(9287, Kistler, Chennai, India; 5507, AMTI, Watertown, MA, USA), two 3-axis force plates
with an area of 60 × 40 cm2 (9281, Kistler, Chennai, India), and four amplifiers to measure
joint moments and ground reaction forces. The measurement frequency of the four 3-axis
force plates was 1500 Hz. The muscle activation status was collected at a sampling rate
of 1500 Hz using a wireless electromyography system (2400-G2, Noraxon, Scottsdale, AZ,
USA), as described in the following subsection. The experimental setup is illustrated in
Figure 1a.
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2.3. Experimental Procedure

At the beginning of the study, 51 reflective spherical markers were adhered to the
participants’ anatomical landmarks based on the Plug-in-Gait marker setting (VICON,
UK) for full-body models [26]. After 10 min of warm-up, the body hairs over the RA,
erector spinae (ES), rectus femoris (RF), biceps femoris (BF), tibialis anterior (TA), and gas-
trocnemius (GN) muscles of each athlete were removed, and the surface electrodes were
adhered to the skin in the area of these muscles to record maximal voluntary isometric
contraction (MVIC) values for each muscle group [27–29]. The electrodes were positioned
as suggested by Konrad [30]. Subsequently, three sessions of pre-test data for successful
CMJs and SPJs were collected. The jumping conditions (CMJ and SPJ) were randomized by
drawing lots. To achieve RA fatigue, the participants first laid flat on the ground, lifted
their thighs 90 degrees to the torso, and placed their feet on a chair. Then, they raised their
shoulders by approximately 10 cm, 50 times, at a rate of 45 repetitions per minute (rpm).
This procedure was repeated thrice, with 30 s rest intervals, to induce abdominal fatigue.
The abdominal fatigue was assessed through EMG signals. Then, post-test data for three
trials of successful CMJs and SPJs were collected (kinematic, kinetic, and EMG data).

The required actions for the CMJ and SPJ are described as follows.
A successful CMJ test required both feet to be on the 1st force plate when taking off

and on the 4th force plate on touchdown.
For the SPJ, the participants began from the starting line and could take a two-step

approach. They had one foot each on the 1st and 4th force plates. Then, they took off
vertically with their hands swinging forward to attempt a spike. On touchdown, they had
one foot each on the 2nd and 3rd force plates (Figure 1b). In this study, one leg was the
braking leg and the other was the jumping leg, which is characteristic of the SPJ. During
the two-step approach, the braking leg made the first step in the SPJ (the dominant leg),
and the jumping leg made the second step (non-dominant leg).

2.4. Data Processing

The kinematics and kinetic data were analyzed using the Visual3D software (C-Motion,
Rockville, MD, USA). A Butterworth 4th order zero-phase-shift filter was used to smooth
the reflective sphere trajectory and ground reaction force data. The noise was filtered
using a 10 Hz low-pass filter [31]. Reflective markers were used to establish the lower limb
segment and to determine the instantaneous joint angles (hip, knee, and ankle) during take-

off and touchdown. The minimum position of the CoM, CoM =
( RASI+LASI

2 )+( RPSI+LPSI
2 )

2 and
the maximum jump height (the highest point reached by the CoM minus the height of the
CoM when the participant stood naturally) were also calculated. The lower limb joint angle
of 0◦ was defined as the position when the participants were in a neutral standing posture.

“Instantaneous take-off angles of lower limb joints” are the angles of each joint at the
moment when the foot leaves the ground during take-off.

“Instantaneous touchdown angles of lower limb joints” are the angles of the joints
at the end of the vacancy period, when any foot touches the ground and enters the
ground period.

The kinetic data represent the joint moment at landing. In the landing period,
when both feet stepped on the force plates and the ground reaction force reached the
first peak, the instantaneous moments of all joints were calculated by inverse dynamics
using Visual3D. Considering the weight differences between the participants, these val-
ues were normalized by personal weight in Newton-meter/kg (N·m/kg). In addition,
the ground reaction forces from the 1st and 4th force plates were divided by the total
ground reaction force to calculate the contribution of the braking leg and the jumping leg
at landing.

The wireless EMG system was used to collect the muscle signals of 12 muscles,
including the bilateral RA, ES, RF, BF, and TA and the medial GN, at a frequency of
1500 Hz. The signals were band pass filtered at 10–500 Hz and smoothed using the root
mean square [27]. The trend of AMP and MDF with time for each participant was calculated
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by linear regression to confirm the RA fatigue state [32]. In addition, normalization of
the average amplitude of the MVIC was used to observe the degree of muscle activation
during the take-off and touchdown stages.

2.5. Statistical Analysis

The statistical package for the social sciences (SPSS) version 20.0 software (IBM Corp.,
Armonk, NY, USA) was used to perform the various statistical analyses. The Shapiro–
Wilk test was performed to examine normality for all outcome variables. All continuous
variables were approximately normally distributed, except for some EMG data. Paired
sample t-tests were used to compare differences in CMJ and SPJ parameters before and
after RA fatigue. The parameters included the lowest point of the CoM, the Max-JH,
the angles of each joint at take-off and touchdown in the sagittal plane, the sagittal moment
of the joints of the lower limbs, the contribution of the braking leg/jumping leg, and the
standardized EMG amplitudes (for RA, ES, RF, BF, TA, and GN). We also calculated mean
values, standard deviations, and confidence intervals. The significance level was set at
α = 0.05.

3. Results

Each participant in this experiment completed the post-test measurement of the CMJs
and SPJs within 30 min (14.6 ± 4.3 min).

3.1. Rectus Abdominis Muscle Fatigue

The decrease in MDF and increase in AMP demonstrated the effects of RA fatigue [20,33],
as shown in Figure 2.
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3.2. The Lowest Point of the CoM (Min-CoM)

After RA muscle fatigue, the positions of the Min-CoM during both the CMJ and the
SPJ were significantly higher than they were before the abdominal muscle fatigue (Table 1).

Table 1. The lowest point of the CoM (Min-CoM) and the maximum jump height (Max-JH).

Pre-Fatigue Post-Fatigue Mean Difference 95% CI

Min-CoM (cm)
CMJ 68.43 ± 8.21 70.32 ± 6.47 * 1.90 2.04
SPJ 85.25 ± 4.19 86.24 ± 5.48 * 0.99 2.05

Max-JH (cm)
CMJ 53.78 ± 3.85 52.17 ± 3.02 * −1.61 1.30
SPJ 72.37 ± 2.69 70.87 ± 3.02 * −1.5 1.07

Asterisks (*) indicate a significant difference (p < 0.05). CMJ: counter-movement jump; SPJ: spike jump; CI: confidence interval.
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3.3. The Maximum Jump Height

For both the CMJ and the SPJ, the Max-JH after fatigue was significantly lower than
that before fatigue (Table 1).

3.4. Instantaneous Take-off and Touchdown Angles of Lower Limb Joints

After the RA fatigue, the instantaneous take-off angles of the knee joints of the braking
and jumping legs were significantly reduced during CMJs, and the degrees of the other
joints showed no significant difference compared to the pre-test values. During the SPJ,
after the RA fatigue, the dorsiflexion angle of the ankle joint of the braking leg significantly
increased, the angle of the hip joint of the braking leg significantly decreased, and there
was no significant difference in the other joint angles. There was no significant difference
in the instantaneous touchdown angles of the joints before and after RA muscle fatigue in
either of the jumps (Table 2).

Table 2. The angles of joints at take-off and touchdown (◦).

Pre-Fatigue Post-Fatigue Mean Difference 95%CI
B J B J

Take-off

ankle
dorsi-

flexion

CMJ 34.73 ± 5.69 33.50 ± 3.89 34.61 ± 5.10 33.39 ± 3.82 B:−0.11
J:−0.11

B:0.73
J:0.75

SPJ 35.11 ± 4.74 14.51 ± 3.28 35.92 ± 4.91 * 15.29 ± 2.21 B:0.71
J:0.78

B:0.68
J:2.12

knee
flexion

CMJ 107.65 ± 10.95 107.77 ± 11.18 103.13 ± 7.58 * 103.22 ± 8.07 * B: 3.88
J:3.73

B:3.42
J:3.52

SPJ 85.95 ± 4.80 61.07 ± 5.46 85.32 ± 4.35 60.14 ± 5.99 B:0.63
J:0.93

B:1.64
J:1.63

hip
flexion

CMJ 94.93 ± 8.51 95.74 ± 8.94 94.30 ± 9.17 95.47 ± 10.13 B:-0.64
J:−0.27

B:2.79
J:3.52

SPJ 72.33 ± 7.05 76.45 ± 8.26 70.17 ± 8.82 * 76.14 ± 9.46 B:−2.17
J:−0.31

B:1.77
J:1.21

Touchdown

ankle
dorsi-

flexion

CMJ 21.44 ± 11.72 18.42 ± 6.98 22.38 ± 8.84 19.38 ± 5.96 B:0.60
J:−0.96

B:2.57
J:2.05

SPJ 20.58 ± 8.80 21.86 ± 6.60 20.11 ± 10.40 21.42 ± 6.17 B:0.91
J:0.45

B:2.06
J:1.51

knee
flexion

CMJ 20.17 ± 5.09 18.94 ± 5.14 18.11 ± 4.49 17.45 ± 5.44 B:2.06
J:1.49

B:2.35
J:3.14

SPJ 20.481 ± 3.52 21.19 ± 3.45 21.303 ± 5.06 21.07 ± 4.54 B:−0.82
J:0.12

B:1.78
J:1.51

hip
flexion

CMJ 16.89 ± 8.36 22.21 ± 12.48 16.29 ± 6.38 22.47 ± 10.76 B:0.94
J:0.26

B:5.46
J:6.04

SPJ 20.82 ± 6.23 25.26 ± 8.18 19.92 ± 5.76 22.89 ± 10.60 B:−0.47
J:−2.16

B:5.04
J:4.50

Asterisks (*) indicate a significant difference (p < 0.05); CMJ: counter-movement jump; SPJ: spike jump; B: braking leg; J: jumping leg; CI:
confidence interval.

3.5. Lower Limb Joint Moment at Landing

During both jumps, the ankle joint of the braking leg showed no differences between
the moments before and after the RA fatigue. Likewise, during the CMJ, the ankle joint of
the jumping leg showed no differences in the joint moments before and after the RA fatigue.
However, during the SPJ, after fatigue, the moment of the ankle joint of the jumping leg
decreased (p < 0.05). For both jumps, the knee and hip joints of the braking and jumping
legs showed no differences in the moments before and after RA fatigue (Table 3).
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Table 3. Joint moments at touchdown (Nm/kgw).

Pre-Fatigue Post-Fatigue
B J B J

ankle plantar flexion CMJ 0.18 ± 0.07 0.20 ± 0.09 0.118 ± 0.09 0.14 ± 0.07
SPJ 0.13 ± 0.13 0.36 ± 0.19 0.21 ± 0.15 0.27 ± 0.17 *

knee flexion
CMJ 0.26 ± 0.19 0.24 ± 0.16 0.21 ± 0.18 0.12 ± 0.10
SPJ 0.22 ± 0.27 0.24 ± 0.15 0.28 ± 0.22 0.20 ± 0.19

hip flexion CMJ 0.42 ± 0.30 0.40 ± 0.29 0.37 ± 0.30 0.22 ± 0.16
SPJ 0.37 ± 0.30 0.43 ± 0.31 0.42 ± 0.28 0.28 ± 0.28

Asterisks (*) indicate a significant difference (p < 0.05); CMJ: counter-movement jump; SPJ: spike jump; B: braking
leg; J: jumping leg.

3.6. Contribution of Each Leg at Landing

Before the RA fatigue, during the CMJ, the contributions of both legs were similar
(braking leg:jumping leg = 49:51); however, after the fatigue, the braking leg contributed
more (56:44). This was more evident during the SPJ, where before the fatigue, the landing
was supported primarily by the jumping leg (30:70), and after the fatigue, it was supported
mostly by the braking leg (56:44).

3.7. The Degree of Muscle Activation during Take-Off and Touchdown

During take-off, the degrees of activation of the RA on both the braking and the jump-
ing sides were significantly reduced after the fatigue (p < 0.05). The degree of activation of
the ES increased, although not significantly. The degrees of activation of the RF, BF, TA,
and GN on the braking and jumping sides showed no differences before and after muscle
fatigue (Table 4).

Table 4. Muscle activation during take-off (%MVIC).

Take-Off Jump Pre-Fatigue Post-Fatigue Mean Difference 95%CI
B J B J

RA
CMJ 57.95 ± 48.36 49.17 ± 50.84 24.72 ± 23.05 * 27.53 ± 31.39 * B:−33.23

J:−21.65
B:16.15
J:18.65

SPJ 58.37 ± 54.26 65.49 ± 56.70 41.29 ± 36.60 * 33.83 ± 22.42 * B:−14.90
J:−31.66

B:14.69
J:27.41

ES
CMJ 46.15 ± 22.30 55.07 ± 30.72 68.08 ± 62.63 67.00 ± 45.62 B:21.93

J:11.93
B:26.94
J:14.30

SPJ 57.96 ± 45.73 46.55 ± 21.32 71.21 ± 62.34 53.56 ± 29.05 B:7.01
J:13.25

B:23.93
J:20.83

RF
CMJ 164.16 ± 60.15 152.54 ± 50.92 145.01 ± 59.67 148.72 ± 31.74 B:−19.13

J:−3.82
B:30.90
J:26.28

SPJ 92.42 ± 38.94 129.09 ± 66.32 109.99 ± 72.37 131.18 ± 48.96 B:17.57
J:2.09

B:38.38
J:21.61

BF
CMJ 64.14 ± 37.77 85.29 ± 41.71 75.88 ± 34.31 77.80 ± 41.93 B:11.74

J:−7.49
B:16.73
J:28.53

SPJ 124.12 ± 64.52 102.35 ± 45.51 117.66 ± 49.22 108.85 ± 54.85 B:6.50
J:−6.46

B:34.31
J:50.05

TA
CMJ 25.50 ± 15.37 27.89 ± 19.06 22.95 ± 9.68 19.43 ± 8.76 B:−2.55

J:−8.46
B:9.88
J:9.60

SPJ 38.92 ± 27.16 29.08 ± 27.95 30.83 ± 17.24 31.30 ± 25.63 B:−8.09
J:2.22

B:15.13
J:11.14

GN
CMJ 193.07 ± 101.39 271.96 ± 222.94 208.36 ± 82.38 253.78 ± 213.65 B:15.29

J:−18.18
B:29.12
J:17.48

SPJ 233.19 ± 60.33 208.56 ± 130.77 229.85 ± 56.81 235.67 ± 149.25 B:27.11
J:−3.35

B:30.14
J:22.15

Asterisks (*) indicate a significant difference (p < 0.05); MVIC: maximal volitional contraction; CMJ: counter-movement jump; SPJ: spike
jump; B: braking leg; J: jumping leg; RA: rectus abdominis; ES: erector spinae; RF: rectus femoris; BF: biceps femoris muscle; TA: anterior
tibialis; GN: gastrocnemius; CI: confidence interval.
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At landing, the degrees of activation of the RA and ES on the braking and jumping
sides decreased insignificantly. In the lower limbs, only at landing during the CMJ, the RA,
RF, and TA muscles showed lower degrees of activation. At landing for the SPJ, the activa-
tion degree of the BF for the jumping leg decreased. There was no difference in the degree
of activation of the other muscles before and after the RA fatigue (Table 5).

Table 5. Muscle activation at touchdown (%).

Landing (%) Pre-Fatigue Post-Fatigue Mean Difference 95%CI
B J B J

RA
CMJ 26.31 ± 36.32 19.64 ± 26.22 9.73 ± 5.33 8.69 ± 5.29 B:−16.58

J:−10.95
B:20.53
J:13.97

SPJ 46.17 ± 72.95 19.75 ± 16.32 22.74 ± 14.93 15.55 ± 11.84 B:−23.44
J:−4.20

B:41.08
J:6.65

ES
CMJ 54.38 ± 23.47 55.94 ± 42.32 52.69 ± 28.54 45.22 ± 24.15 B:−1.69

J:−10.72
B:14.28
J:19.74

SPJ 58.70 ± 35.35 67.63 ± 41.26 45.33 ± 35.03 50.00 ± 32.12 B:−17.63
J:−13.37

B:25.67
J:20.30

RF
CMJ 105.77 ± 39.25 94.60 ± 36.56 86.04 ± 32.11 * 85.02 ± 36.31 B:−19.74

J:−9.58
B:15.70
J:15.27

SPJ 113.06 ± 46.76 108.68 ± 32.99 113.65 ± 65.23 122.99 ± 45.08 B:−0.59
J:−14.31

B:18.58
J:21.71

BF
CMJ 59.42 ± 89.38 56.65 ± 38.79 26.44 ± 12.97 39.09 ± 20.44 B:−32.98

J:−17.56
B:54.94
J:14.44

SPJ 79.32 ± 73.37 93.34 ± 138.19 71.70 ± 56.57 56.17 ± 47.27 * B:−37.17
J:−7.62

B:85.99
J:20.73

TA
CMJ 128.30 ± 48.54 101.26 ± 41.47 85.25 ± 49.08 * 90.98 ± 48.30 B:−43.05

J:−10.28
B:30.49
J:31.42

SPJ 86.95 ± 21.64 92.19 ± 26.84 105.18 ± 34.75 103.96 ± 41.72 B:18.23
J:11.78

B:18.32
J:14.69

GN
CMJ 164.21 ± 123.81 169.51 ± 108.71 169.85 ± 52.22 175.74 ± 74.63 B:5.64

J:6.23
B:64.10
J:37.59

SPJ 171.75 ± 75.01 201.36 ± 129.18 166.86 ± 91.63 192.08 ± 79.28 B:−9.28
J:−4.89

B:33.06
J:24.25

Asterisks (*) indicate a significant difference (p < 0.05); CMJ: counter-movement jump; SPJ: spike jump; B: braking leg; J: jumping leg; RA:
rectus abdominis; ES: erector spinae; RF: rectus femoris; BF: biceps femoris muscle; TA: anterior tibialis; GN: gastrocnemius; CI: confidence
interval.

4. Discussion

In this study, the RA muscle fatigue was a result of the concentric eccentric contraction
exercise of the RA muscle. Therefore, the decrease in MDF and the increase in AMP can
represent the muscle fatigue response [20,33]. The fatigue involved in this exercise can
return to baseline within 30–60 min [32]. Our study was based on this premise. During
the post-test, the fatigue of the RA muscles did not return to baseline. The main purpose
of this study was to determine the effects of fatigue on kinematics, kinetics, and EMG
parameters in volleyball athletes. After RA fatigue, the dorsiflexion angle of the ankle joint
of the braking leg during SPJs increased significantly, and the hip joint angle decreased
significantly. During CMJs, the angles of the knee joints of both legs significantly decreased,
the amplitude of the squat was reduced, and the body was more upright, causing the CoM
to not fall below the ideal lower point. We also found that the lowest positions of the
CoM in both the CMJ and SPJ significantly increased after the RA fatigue. This showed
that the athletes may not be able to squat to the expected lowest CoM position during
the reverse movement phase to accumulate elastic energy, which may cause an inability
to provide additional energy for muscle contraction during take-off. A previous study
reported that when the athletes started to take off after fatigue, the transformation of
gravitational potential energy decreased; thus, they could not reach the maximum jump
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height [34]. This corresponds with our finding of significantly reduced maximum jump
heights.

After fatigue, during CMJs, the athletes had a significant decrease in the knee joint
angle at take-off, which means that they used stiff motions to take off [35] and that they
reduced knee flexion to complete the jump action. During the SPJ, there were no significant
differences in the joint angles of the jumping leg. Additionally, during both SPJs and CMJs,
after RA fatigue, there was a significant decrease in the activation of the RA, and there was
no significant change in the myoelectric signals of the ES and lower extremity muscles; thus,
there was no improvement in the degree of activation of the muscle groups of the lower
limbs. The RA is considered to be a globally stabilizing muscle group. Its main function is
to generate a large moment to balance the impact of external forces [13]. The take-off is an
active movement, and the abdomen does not bear a large external force. Therefore, it may
be directly affected by fatigue exercise, which reduces the activation of the RA. However,
other muscles that were not affected by the fatigue exercise didn’t exhibit significant
changes. During the SPJ, after the RA fatigue, when the athlete landed, the plantar-flexor
moments of the ankle joint of the jumping leg were significantly reduced. A previous study
showed that, at landing, the largest angle of plantar flexion demonstrated the greatest
shock absorption [36]. Our results showed that after RA fatigue, the ankle joint moment
may be reduced due to the decrease in jump height, resulting in the landing strategy of the
ankle reducing the plantar flexion angles. This also causes the torque of the plantar flexion
to be significantly reduced. The results of this study also showed that the braking leg of
athletes had a slightly increased tendency of the ankle joint plantar flexor moment (Table 3).
It is speculated that the body’s center of gravity shifts to the braking leg at landing during
the SPJ.

The contributions of both feet at landing during CMJs before fatigue were very similar
(49:51); after fatigue, there was a tendency for deviation toward the braking leg (56:44).
After the RA fatigue, the originally symmetrical jump of the CMJ deviated toward the
braking leg at landing. Asymmetries between limbs potentially increase the risk of injury
to the lower extremities [37]. During the SPJ at landing, before fatigue, the contribution
of the legs deviated toward the jumping leg; after fatigue, it deviated toward the braking
leg, with only a small difference between the two feet, indicating the nullification of the
asymmetric character of the SPJ. This may reduce the ground reaction force during landing.
It can be inferred that the athlete not only cannot reach the maximum height while jumping,
but is also unable to shift weight to the jumping leg at landing.

We studied the various parameter differences before and after fatigue but not the
jumping stages during CMJs and SPJs. We consider the major difference between the CMJ
and SPJ to be the use of the upper body, which means that the movements of the upper
trunk and the arms, etc., will affect the overall action. However, during the CMJ, the torso
is not completely unrelated [38]. Before the jumping stage, during the CMJ, the subject
begins to squat and lowers the center of mass, and the abdominal muscles are activated.
The torso movements during the SPJ were similar to those during the CMJ. Therefore, it is
impossible to completely eliminate the movement correlation between the CMJ and SPJ [7].

The results of this study showed that temporary fatigue of the RA does not directly
affect the activation of the lower limb muscles during take-off jumps. Instead, fatigue first
affects the jump angles of the knees during the CMJ and the braking leg jump angles of the
hip and ankle dorsiflexion during the SPJ and causes a decrease in the Max-JH during the
CMJ and SPJ. The RA fatigue also results in a decrease in ankle plantar flexion moment
and a change in the load ratio of both legs during landing. A previous study reported
that abdominal muscle fatigue degrades the standing posture control [39]. The impact of
abdominal muscle fatigue on movement, posture control, and athletic performance should
be taken into consideration during training or competition. Therefore, the avoidance of RA
muscle failure and sufficient recovery time are recommended.
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5. Limitations

First, the rectus abdominis fatigue protocol, instead of a volleyball-specific fatiguing
protocol, was used in this study, which might be considered as a limitation for the practical
relevance of the findings. In a volleyball match, when a player moves and jumps to lower
the center of gravity, his abdominal curling action is similar to the fatigue protocol pattern of
this study. However, the fixed rate of 45 rpm in this study may be different from the actual
movements in a volleyball game. Previous pilot studies have found that muscle fatigue
caused by continuous muscle contraction over a short period of time returns to its original
level within 30 min [32]. If a volleyball-specific fatigue protocol is implemented, the core
muscles of volleyball players may take a long time to reach fatigue levels, and because of
recovery time limitations (30 min), the present study did not adopt a volleyball-specific
fatiguing protocol that fatigues both abdominal and back muscles. Second, this study
focused on the superficial core muscle group, RA, to examine the effects of fatigue on
jump height, CoM performance, and lower extremity biomechanical parameters. In the
future, the effects of other superficial and deep core muscles, and even the upper extremity
biomechanical parameters, can be studied to investigate which component has the greatest
effect on lower extremity jumping performance and landing load.

6. Conclusions

Temporary RA fatigue decreases the jump height of athletes and causes a change in
the landing strategy. Due to abdominal fatigue, the volleyball players were unable to squat
to a lower position to accumulate energy to take off, resulting in a decrease in the maximum
jump height and ankle moment and a change in the load ratio of both legs during landing.
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