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Abstract: In volleyball, the jump serve is a fundamental and crucial skill that is one of the most
commonly used serving techniques. This study aimed to examine the kinematic differences between
straight line (SL) and diagonal line (DL) in volleyball jump serves by focusing on torso and attack
arm joint motions. Three-dimensional coordinate data were captured using a motion capture system
(200 Hz) in 14 right-handed male professional volleyball players who performed SL and DL jump
serves. This result suggests that the pelvis and torso backward rotation angles during the arm-
clocking phase were smaller when performing DL serves. During ball contact, the servers exhibited
greater forward rotation angles of the pelvis and torso to control the upper body facing the diagonal
direction of the target zone. In addition, lowering the forward tilt angle of the trunk helped the
servers maintain body balance in the air and increased their wrist flexion angle, preventing the ball
from flying out of bounds when performing DL. These findings highlight the importance of
controlling pelvic and torso rotations in the transverse plane when adjusting for different serving
lines. These insights can guide volleyball athletes and coaches in refining their serving techniques.

Keywords: Motion analysis; volleyball coaching; jump serve; pelvic and upper torso rotation; joint
kinematics

1. Introduction

Volleyball is a team sport that requires repeated high-intensity movements. Each player must
quickly and accurately execute skill-specific actions such as spiking and blocking to win a game [1].
The serve is a critical volleyball skill in determining the match’s outcome. It is the only volleyball
movement unaffected by the opposing team'’s tactics and behaviour [2,3]. An accurate and powerful
serve results in direct scoring opportunities and disrupts the tactical layout of the opposing team,
considerably increasing the winning percentage of the game [2,4,5]. The jump serve, characterized by
its explosive power, fast ball speed, and higher direct points, is a crucial serving technique [3,6].
Therefore, studying the techniques and mechanics of the jump serve is paramount in understanding
and improving volleyball performance, as it significantly impacts the outcome of the game.

Previous biomechanical studies on jump serve examined various aspects of the technique. Lima
et al. [2] analysed the relationship between ball and arm speeds in male players. Bari et al. [4]
determined each kinematic parameter associated with the effect of a jump serve by building a
multiple regression model. Jang et al. [7] investigated the effects of core muscle fatigue on the
movements of the trunk and the attack-arm joints during the execution of a jump serve. Reeser et al.
[8] compared the biomechanics differences in the upper limbs in various volleyball spike and serve
techniques. However, despite its importance in the game, the jump serve has received relatively less
attention in detailed biomechanical analysis than other techniques, such as spike. Most volleyball
biomechanics research focuses on spike action on motion characteristics and muscle exertion of the
lower limbs in the last step before take-off and motion of the arm swing [8-18]. Despite the
significance of the jump serve in volleyball, it has received relatively little attention in detailed
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biomechanical analyses, particularly regarding different serving lines. This gap in research highlights
the need for further exploration into this crucial aspect of volleyball.

In volleyball, the server needs to select different serving lines depending on the position of the
opponent’s receiver. The straight line and diagonal line serve are two commonly used serving lines,
each with distinct characteristics and tactical significance. Some analytical studies on volleyball serve
reception tactics have indicated that avoiding libero and spiking the ball between other players makes
the serve more aggressive [19]. The position of the receiver and the 10-foot line are essential factors
in the receiver’s success [20,21]. Different serving lines cause the ball to fly with different trajectories
and landing points. This can force the opposing receiver to move greater distances to catch the ball,
thereby increasing the difficulty for the receiver and the likelihood of turnover. However, a detailed
biomechanical analysis of different lines serving is yet to be performed. Therefore, a detailed analysis
of how the jump-serve motion is adjusted when serving along different lines would provide a deeper
understanding of the jump-serve technique.

This study aimed to better understand the motion control at different serving lines during the
aerial spiking of a jump serve. We compared the kinematics and selected parameters between the
straight line (SL) and diagonal line (DL) for professional volleyball players. We hypothesised that the
motions of the upper torso and attack arm would contribute to adjusting different serving lines.
Therefore, by clarifying the movement differences between the two lines, we aimed to reveal the
biomechanical mechanisms and motor control strategies behind these adjustments, providing
coaches and athletes with specific and practical guidance for teaching and training.

2. Materials and Methods
3.1. Participants

In total, 14 right-handed professional male volleyball players from local volleyball clubs
voluntarily participated in this study. Their mean age, height, weight, and volleyball experiences
were (21.14+5.39) years, (1.95+0.06) m, (85.93 + 11.49) kg, and (8.50 + 3.37) years, respectively. Players
had experience using jump serves in their practices and national or regional competitions. Therefore,
they could competently perform jump serves. No participant had suffered a severe neuromuscular
or skeletal injury 3 months before data collection. All participants provided written informed consent
before the experiment, and the local Ethics Committee approved all procedures.

3.2. Experiment

Figure 1 illustrates the experimental field setup. The experiment was conducted in a regulation-
sized volleyball hall (length: 18 m; width: 9 m), and the net’s height was set at 2.43 m. A 12-camera
motion capture system (Qualisys Track Manager, Qualisys, Sweden) was used to capture three-
dimensional coordinate data of the reflective markers during the jump serve at 200 Hz. The ball speed
was measured using a volleyball pocket radar gun (Smart Coach, Pocket Radar Inc., Santa Rosa,
USA). The global coordinate system was set as a right-handed orthogonal reference frame. The
positive Z-axis was vertically up, the Y-axis was opposite to the serve’s direction, and the X-axis ran
from the right to the left view from a right-handed player.
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Figure 1. Experimental environment.

3.3. Procedure

Each participant wore close-fitting clothing and their own sports shoes after a warm-up. A set
of 47 markers (diameter:14 mm) were paced to the head vertex, left/right tragus, anterior/posterior
shoulders, left/right acromions, suprasternal notch, xiphoid process, fifth cervical vertebrae, tenth
thoracic vertebrae, left/right lateral costal borders (tenth rib), third metacarpal hands, medial/lateral
wrist joints, medial/lateral elbow joints, left/right toes, first and fifth metatarsal, calcaneal
tuberosities, medial/lateral malleolus, medial/lateral knee joints, left/right greater trochanters,
left/right anterior iliac spines, and left/right superior iliac spines. Subsequently, the participants
performed a jump serve with maximal effort, aiming to serve the ball in two target zones (each 6 m
long and 3 m wide). The sequence began by serving along the SL (represented by the solid black line
in Figure 1), followed by the DL (indicated by the dotted black line in Figure 1). For SL and DL jump
serves, each participant was asked to execute a ball toss and run-up along an SL behind the end line
of the court. In the last step before the jump take-off, participants were asked to execute a serve within
a specified area (1.2 m long and 1 m wide), as shown in Figure 1. A jump serve was successful if the
ball crossed the net and landed in the target zone. Two experimental assistants were present: the first
stood behind the target area and observed if the ball landed in the target area, and the other observed
whether the ball touched the net. The participants repeated the jump serve until they completed each
serving line in three trials. The SL and DL trials with the highest ball speeds were selected for
subsequent movement analysis.

3.4. Data Processing

All data processing was performed using MATLAB 2016a (MathWorks Inc., Natick, MA, USA).
The raw coordinates of the marker trajectories were smoothed using a low-pass Butterworth filter,
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and the cutoff frequency was set at 15 Hz. The pelvic and torso motion angles were calculated
according to the global coordinate system. The pelvic (or torso) rotation angle was defined as the
angle formed by the line connecting the right anterior and left anterior iliac spine markers with the
X-axis of the global coordinate system [22]. Similarly, the torso rotation angle was defined using right
and left shoulder markers. The trunk tilt angle was defined as the angle formed by the line connecting
the mid-hip and shoulder virtual markers along the Z-axis in the YZ plane. The positive and negative
values correspond to the forward (serving direction) and backward directions (opposite serving
direction).

The three joint angles (shoulder, elbow, and wrist) of the attack’s arm were calculated as distal
segments relative to the proximal segments. The shoulder flexion/extension and horizontal
abduction/adduction were calculated based on the orientation of the upper arm segment relative to
the upper torso segment. In addition, shoulder external/internal rotations, as adopted from previous
studies [23,24], were calculated using the forearm segment orientation relative to the upper torso
segment. Elbow flexion was calculated based on the forearm segment orientation relative to the upper
arm segment. The wrist flexion/extension and supination/pronation were calculated based on the
hand segment orientation relative to the forearm segment. Figure 2 shows the definitions of the
coordinate systems for the upper torso, arm, and forearm segments. For the upper torso segment,
referring to a previous study [25], Zut is the vector from the mid-rib to the mid-shoulder; Yut is the
cross-product of Zut and the vector from the mid-right shoulder to the mid-left shoulder; and Xut is
the cross-product of Yut and Zut. For the upper arm, Zu is the vector from the mid-right shoulder to
the mid-right elbow; Yu is the cross-product of Zu and the vector from the medial elbow to the lateral
elbow, and Xu is the cross-product of Yu and Zu. For the forearm, Zf is the vector from the mid-right
elbow to the mid-right wrist, Yf is the cross-product of Zf, and the vector is from the medial to the
lateral wrist, where Xf is the cross-product of Yf and Zf. For the hand, Zh is the vector from the mid-
right wrist to the third metacarpal hand, Yh is the cross-product of Zh and the vector from the medial
to the lateral wrist, and Xh is the cross-product of Y and Zh. The angles were calculated using Euler
(xyz sequence). The angular velocity variables were calculated for each angle using a three-point
method for numerical differentiation.
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Figure 2. Definitions of segments coordinate systems for the upper torso, upper torso, forearm, and
hand.

3.5. Analysis of Phases

This study’s analytical phase encompassed the period from take-off (T-OFF) to landing. T-OFF
denoted the precise moment both feet were lifted off the ground, verified by the vertical ground
reaction force (GRF) < 5 N. Conversely, landing (L-ON) signified the instant of the maximum
downward vertical velocity of the center of mass (CoM). The CoM’s position was approximated using
anthropometric inertial parameters reported by Ae et al. [26]. The Maximum shoulder external (MSE)
rotation refers to the moment of peak external rotation of the shoulder during motion. The timing of
ball contact (BC) was based on previous research [15,24] and is defined as the instant when the
horizontal velocity of the attack arm’s hand reaches its maximum. The jump serve was divided into
the arm-cocking (T-OFF to MSE), arm-acceleration (MSE to BC), and follow-through (BC to L-on)
phases. All angular variables were normalized to a standard deviation of 100% of the normalized
time.

3.6. Statistical Analysis

Descriptive statistics are expressed as mean + standard deviation. Normality was tested using
the Shapiro-Wilk test. A paired t-test was used for a normal distribution to determine the differences
in ball and hand speeds, angle variables, and angular velocity variables between SL and DL. The
Wilcoxon signed-rank test was used to determine these differences without a normal distribution.
Statistical significance was set at p < 0.05. All tests were performed using the free statistical software
JASP (https://jasp-stats.org)).

3. Results

First, we compared both lines” maximum ball and bat speeds at the BC. The ball speed in the SL
was 100.29+7.45 km/h, which was significantly greater than that in the DL (96.21+6.74 km/h).
However, the hand speed at BC in the SL was 16.46+1.50 m/s, significantly smaller than that in the
DL (17.25+1.39) (Table 1).

Table 1. Comparison of ball and hand speeds and angle variables between SL and DL.

Variables SL DL Statistic P Effect Size

Ball speed [km'h] 100.29+7.45 96.21+6.74 4.017 0.001** 1.074
Hand speed at BC [m's] 16.46+1.50 17.25+1.39 -3.216 0.007* -0.859
Pelvis forward (+) rotation at BC [°] 19.12+12.46 26.94+10.76 2.541 0.025% -0.679
Peak torso backward (-) rotation [°] -73.51+11.19 -66.52+10.84 -5.124 <0.001*** -1.369
Torso forward (+) rotation at BC [°] 8.78+13.70 18.81+9.94% 10.000 0.005** -0.810
Trunk forward (+) titling at BC [°] 6.97+6.80 2.91+6.85 2.563 0.024* 0.685
Peak shoulder external (+) rotation [°] 72.63+11.18 71.393x11.75 0.613 0.55 0.164

Elbow flexion (+) at BC [°] 18.39+6.66 19.52+7.92 -0.472 0.644 -0.126
Wrist flexion (+) at BC [°] 20.84+5.56 23.44+5.44 2.533 0.025* -0.677
Wrist pronation (+) at BC [°] 437+7.94 4.7127.34% 57.000 0.808 0.086

Mean + standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001. Note: For Student’s t-test, statistics and
effect size are given by t-value and Cohen’s d. For the Wilcoxon test, the W-value and matched rank
biserial correlation provide the statistics and effect size. #Data not normally distributed.

Figure 3 presents the between-line differences in angle. From T-OFF time, both lines pelvic
rotation angle (a) decreased backward (-). Subsequently, they turned forward (+) from MSE and
increased gradually, and the angles at BC in the SL were 19.12 + 12.46°, which was significantly
smaller than those in the DL (26.93 + 10.76°) (Table 1). The torso rotation angles (b) and trunk tilting
(c) exhibit similar patterns in both lines. They decreased backward (-) from approximately 30% of the
normalized time and then increased in the forward direction (+) from the MSE and BC phases.
Statistical results found that the peak torso backward rotation in the SL (-73.51+11.19°) was
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significantly greater than that in the DL (-66.52+10.84°), whereas the forward rotation at BC in the SL
(8.78+13.70°) was significantly smaller than that in the DL (18.81+9.94°). In addition, the peak forward
(+) titling at BC (6.97+6.80°) in the SL was significantly greater than those in the DL (-22.37+3.76;
2.91+6.85°) (Table 1). The angle of the wrist joint was kept in flexion for the whole phase, and the
wrist flexion angle at BC in the SL was 20.84 + 5.55°, which was significantly smaller than that in the
DL (23.44 + 5.44°) (Table 1).
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Figure 3. Mean (standard deviation) time-series data of trunk and attack arm angle. Solid line: straight
line (SL); dotted line: diagonal line (DL); MSE: maximum shoulder external rotation; BC: ball contact.

Figure 4 presents the between-line differences in angular velocity. The pelvis (a), trunk (b), and
trunk tilting (c) rotation and joint motions of the shoulder and elbow, which are indicated by (d), (e),
(f), and (g), exhibited similar patterns in both lines. The peak forward torso, shoulder external, and
shoulder internal rotation in DL were greater than those in SL; these parameters showed no
significant differences between SL and DL (Table 2).
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Figure 4. Mean (standard deviation) time-series data of trunk and attack arm angular velocity. Solid
line: straight line (SL); dotted line: diagonal line (DL); MSE: maximum shoulder external rotation; BC:

ball contact.

Table 2. Comparison of angular velocity variables between SL and DL.

Variables SL DL Statistic P Effect Size
Peak forward (+) torso rotation [°/s] 828.88+271.63 824.40+222.36" 38.000 0.391 -0.276
Peak forward (+) trunk titling [°/s] 262.56+82.60 255.93£84.30 0.669 0.515 0.179
Shoulder flexion(+) at BC [*/s] -15.92+214.47 70.32+184.56 1.156 0.268 0.309
Peak shoulder external rotation (+) [°/s] 1115.84+261.45 1106.39+234.91 0315 0.758 0.084
Peak shoulder internal rotation (-) [°/s] -1825.55+389.42 -1860.91+316.42 0434 0.671 0.116
Peak elbow extension (-) [°/s] -772.12£275.64 -726.97+£267.54 -0.982 0.344 -0.263
Wrist flexion (+) at BC [°/s] 10.74£200.26" 44.99+129.74 47.000 0.761 -0.105
Wrist pronation (+) at BC [°/s] 112.19+273.637 137.56+£271.59 51.000 0.952 -0.029

Mean + standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001. Note: For Student’s t-test, statistics and

effect size are given by t-value and Cohen’s d. For the Wilcoxon test, the W-value and matched rank
biserial correlation provide the statistics and effect size. #Data not normally distributed.

4. Discussion

This study aimed to clarify the kinematic differences in the upper torso motion and joint angles
of the attacking arm under two serving lines (SL and DL) during a jump serve. The main findings
revealed that DL exhibited a smaller peak backward torso rotation than SL. DL demonstrated greater
forward pelvic rotation, forward torso rotation, smaller trunk forward tilt, and greater wrist flexion
angle than SL in BC. These results partially supported the study’s hypothesis, suggesting that serving
lines can be altered by adjusting the pelvis and upper torso rotation.

Notably, DL demonstrated a greater hand speed at BC than SL; however, the maximum ball
speed was less than that at SL (Table 1). Previous research on jump serves by Lima et al. [2] reported
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a stronger correlation between hand swing and ball speeds. However, our findings do not support
this conclusion because the speed and trajectory of the ball are influenced by various external factors
such as air resistance and gravity [1]. A diagonal ball travels a longer distance in the air than a straight
ball (Figure 1), meaning that it is subjected to more air resistance, which indirectly causes a reduction
in ball speed.

In the arm-cocking phase (0% to MSH), the participants showed smaller backward rotation
angles of the pelvis and torso in the DL than in the SL (Figures 3 a and b). The peak backward rotation
of the torso in the DL was smaller than that in the SL (Table 1). This phase prepares the motion for
the subsequent arm-acceleration phase (MSE to BC). The pelvis and torso were smaller in the DL,
perhaps because the servers needed to control the body rotation more finely to rotate the pelvis and
torso to a greater range in the spiking direction during the arm-acceleration phase. Subsequently, the
angles of the pelvis and torso in both lines rapidly rotated in the forward direction in the arm-
acceleration phase (Figures 2 and b). The statistical analysis revealed that the pelvis and torso angles
in the DL were significantly larger than those in the SL at BC (Table 1). A closer observation of the
pelvis and torso value at BC indicated that the pelvis (19.12+12.46) and torso of the DL (26.94+10.76)
rotated approximately 7° and 10° more than SL (8.78+13.70; 18.81+9.94), respectively (Table 1). These
findings suggest that when serving a DL ball, athletes require a greater rotation angle than that for
an SL ball so that the upper torso faces the diagonal direction as much as possible to increase the
ability to accurately serve the ball in the target area.

Regarding the trunk tilting angle, the DL position showed a smaller forward tilting angle than
the SL position during BC (Figure 3 (c)). Wagner et al. [24] showed that the forward trunk tilt angle
during a volleyball spike is approximately 10°. We inferred that during a diagonal rather than during
a straight serve, the athletes” upper-body rotation toward the DL could put the body in an unstable
position. This necessitates a reduction in the forward trunk tilt to enhance body balance in the air.

Regarding the wrist joint angle (Figure 3 (i)) of the attacking arm, we observed that at BC, the
flexion angle of DL was more significant greater than that of SL (Table 1). DL has a longer ball flight
distance; players must increase their hand speed to achieve this flight distance when serving a DL.
However, this can easily result in the ball falling out of bounds. Notably, some studies have indicated
that the speed and attack angle of the hand can change the ball trajectory [1,27]. Therefore, we
considered that they flexed the wrist to lower the attacking angle of the spike position, lowering the
ball’s flight trajectory and ensuring that the ball landed accurately in the DL target zone.

As described anticipation but sacrifice ball speed to some extent. Finally, it is essential to
maintain the almost inv above, our knowledge of the trunk’s (pelvis and upper torso) rotation angle
will guide players and coaches regarding adjustments to different serving lines. For example, when
adjusting to serve a diagonal ball, the server can attempt to increase the pelvis and upper torso
rotation angle, ensuring that the front of the trunk faces the target zone as much as possible.
Therefore, it is necessary to know that a diagonal ball can interfere with the opponent’s ariant motion
pattern of the attack arm while serving different lines. Wrist flexion can control a ball’s flight
trajectory and landing position but does not adjust its direction.

4.1. Limitations

This study has some limitations. First, the experimental design employed a fixed service
position. However, in an actual game, servers would serve the ball from other positions depending
on their preferences. Second, the findings on the DL serve were exclusively applicable to right-
handed players. Finally, in BC, hand speed in the DL was greater than that in the SL; however, the
reasons for this were not explained in depth. In most explosive-hitting sports, the trunk and
extremities joint and segmental rotation velocity mainly produce the end-segment speed. During the
arm-acceleration phase, the tendencies for peak torso forward rotation (Figure 4 (b)) and shoulder
internal rotation (Figure 4 (e)) were greater in the DL than in the SL; however, no significant
differences were found. Future studies should analyse the inverse dynamics of the joint moments
and power characteristics to provide more comprehensive information. To our knowledge, this is the
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first biomechanical analysis of kinematic differences at different serving lines during a volleyball
jump serve. These results will be practical for volleyball practitioners and coaches.

5. Conclusions

We compared the kinematic differences between SL and DL volleyball jump serve techniques.
This study suggests that servers can generate faster balls when serving in the SL direction than in the
DL direction. During the arm-acceleration phase, when the servers serve the ball in the DL direction,
they rotate their pelvis and torso at smaller backward angles and then exhibit greater forward pelvic
and torso rotation angles to control the trunk facing the diagonal direction of the target zone. In
addition, during BC, lowering the forward trunk tilt and increasing the wrist flexion angle help to
maintain body balance and control the ball’s flight trajectory. The findings of this study indicate that
controlling pelvis and upper torso rotations is crucial for different service lines.
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