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Abstract: The kinematic and kinetic performance of tennis players differs across skill levels,
with joint range of motion (ROM), moments, and stiffness being strongly linked to injury
risk. Focusing on the biomechanical characteristics of lower-limb joints throughout the
landing stage, especially among athletes of different skill levels, aids in understanding
the link between injury risk and performance level. This study recruited 15 male campus
tennis enthusiasts and 15 male professional tennis players. The kinematic and kinetic
differences between amateur and professional players during the landing phase of the
tennis serve were analyzed using SPM1D 0.4.11 and SPSS 27.0.1, with independent-sample
t-tests applied in both cases. Throughout the tennis serve’s landing stage, the professional
group exhibited significantly greater sagittal plane hip-joint stiffness (p < 0.001), horizontal
plane moment (59~91%; p = 0.036), and a significantly higher peak moment (p = 0.029) in
comparison with the amateur group. For the knee joint, the professional group exhibited
significantly larger ROM in flexion–extension (0~82%; p = 0.003); along with greater ROM
(0~29%; p = 0.042), moment (12~100%; p < 0.001), peak moment (p < 0.001) in adduction-
abduction; and internal–external rotational moments (19~100%; p < 0.001) were markedly
higher. The professional group showed significantly higher ankle joint ROM (p < 0.001)
and moments (6~74%; p = 0.004) in the sagittal plane, as well as greater horizontal-plane
ROM (27~67%; p = 0.041) and peak moments (p < 0.001). Compared with amateur tennis
players, professional tennis players exhibit greater ROM, joint moments, and stiffness in
specific planes, potentially increasing their risk of injury during the landing phase.

Keywords: kinematics; dynamics; tennis; platform serve; lower limbs; sports injury

1. Introduction
Tennis, a ball sport with its origins in France, was reintroduced as an official com-

petition event at the 1988 Summer Olympics in Seoul [1]. The serve is a critical element
in tennis, with an effective serve enabling athletes to gain points rapidly [2]. However,
due to the unique nature of the tennis serve motion and its repetitive execution during
competition, this movement is a common source of sports injuries [3]. During the tennis
serve landing phase, in order to effectively absorb impact, the lower-limb joints must not
only flex but also withstand torsional forces. Prolonged exposure to these forces can easily
lead to joint injuries.
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Pluim et al. [4] and Sell et al. [5] propose that compared with upper-limb and trunk
injuries, lower-limb injuries occur at a higher rate in tennis. Renström’s study [6] shows
that one in five tennis injuries occur at the knee joint. Chronic injuries are more prevalent,
accounting for the majority of cases [7]. Furthermore, Hjelm et al. [8] report that 80% of
chronic tennis-related injuries lack a well-defined pathogenesis. Therefore, this underscores
the necessity of investigating lower-limb injury risks when the serve landing occurs. This
phase represents a characteristic jump–landing movement, during which frequently re-
ported lower-limb injuries among players consist of patellofemoral issues, tendinopathy
of the knee, meniscus damage, inflammation of the bursae, tennis leg, medial tibial stress
syndrome, plantar fasciitis, and tennis toe [9–12]. From a biomechanical viewpoint, mus-
culoskeletal injuries are the result of forces acting on the body [13]. Excessive mechanical
stress on the musculoskeletal system can lead to overuse injuries, affecting bones, muscles,
tendons, and ligaments [14]. Therefore, biomechanical metrics are commonly regarded
as key tools for assessing injury risk. Van Mechelen et al. [15] suggest that ROM can
serve as a relatively stable anthropometric measure to aid in the prediction of injuries.
Aicale et al. [16] demonstrated that athletes with reduced ROM in the hip and knee joints
have an increased likelihood of muscle strain. Many sports that require jumping frequently
result in lower-limb injuries during landing, with the application of forces and moments to
the body playing a significant role in causing these injuries [17]. Nigg et al. [18] suggest
that in biomechanical injury analysis, both the force magnitude and anatomical geome-
try must be considered. Indicators such as stiffness, which integrate both the dynamics
and kinematics of movement, provide more precise identification of individuals at risk of
musculoskeletal injuries and can elucidate specific injury mechanisms through subsequent
analysis [19]. An increase in lower-limb stiffness may elevate the risk of bone injury, as it
is typically associated with a reduction in lower-limb joint displacement (ROM) and an
increase in peak force. This combination results in a higher loading rate, subsequently
raising the risk of injury [20]. Therefore, our study examined the ROM of lower extremity
joints, joint moments (including peak moments), and lower extremity stiffness during the
serve landing action of male tennis players.

Söğüt [21] found that although tennis players of different competitive levels demon-
strate the same explosiveness during serves, there are significant differences in coordination
during the serve. Such variations could affect lower-limb biomechanics during the serve
landing phase, potentially increasing the risk of injury during both practice and matches.
Lower-limb mechanics are a critical factor in determining the racket speed and ball ve-
locity [22], with the biomechanics during serving varying across players of different skill
levels, as reported in numerous studies on the effects of skill level differences on serve
performance [23,24]. Chen et al. [25] indicate that professional athletes generate higher
ball velocity and rotational velocity during the serving motion by employing greater
knee flexion and extension velocities to strike the ball at a higher position. According
to Martin et al. [26], high-level players generate higher ball speeds while serving, despite
exhibiting similar forces and torques in the upper-body joints. Hernández-Davó et al. [27]
found that professional players’ serves exhibited both higher ball speed and greater accu-
racy compared with those of amateur players. Differences in the serve performance due
to varying lower-limb biomechanics suggest that athletes of different skill levels exhibit
distinct dynamic kinetic chains, which result in different muscle recruitment patterns and
associated risks of musculoskeletal injuries and related conditions [28]. Injuries to the
lower-limb joints can severely affect athletes’ daily training and competition performance,
potentially leading to psychological challenges and, ultimately, hindering their professional
careers [29,30]. Currently, the relationship between lower-limb joint injuries caused by
tennis and an athlete’s skill level remains unclear. Examining the kinematics and dynamics
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of the lower limbs in professional and amateur tennis players during the landing phase of
the serve can reveal injury mechanisms, aid in predicting sports injuries, and support the
effective prevention of lower-limb joint injuries in tennis.

This study aims to examine and compare the kinematic and kinetic variations in
lower-limb joints during the serve impact phase between professional and amateur male
tennis players and to evaluate the related injury risks. We hypothesize that professional
male tennis players perform more powerful movements during the serve phase, leading to
a higher likelihood of lower-limb joint injuries.

2. Materials and Methods
2.1. Participants

The effect size for hip-joint stiffness in the sagittal plane was calculated as 1.158 based
on preliminary study results, with the statistical power set at 0.8 and the significance level
(α) at 0.05. According to G*Power 3.1 calculations, 13 participants per group are required,
for a total of 26 participants across two groups. This study recruited 30 male tennis players
(Table 1), including 15 amateur-level players (tennis majors) and 15 professional-level
players (national level). All participants voluntarily took part in the experiment and
provided signed informed consent. The amateur-level tennis players (tennis majors) had
undergone at least five years of professional training. The national tennis players had
finished in the top three at national-level competitions, as outlined in the “Tennis Athlete
Technical Level Standard” released by the General Administration of Sport of China in 2021
(www.sport.gov.cn, accessed on 10 October 2024). The participant recruitment criteria were
as follows: (1) The dominant hand is the right hand, and the landing leg for all subjects is
the left leg; (2) At least one year of professional tennis training experience; (3) No history of
lower-limb motor injuries within six months; (4) No other conditions that would interfere
with completing a platform-style serve. This study protocol received approval from Ningbo
University’s Ethics Committee (TY2024044).

Table 1. Participants’ demographic data.

Variable n Age (years) Height (cm) Weight (kg) Years of Training

Amateur 15 21 ± 1.94 176 ± 2.67 70 ± 3.65 6.67 ± 1.29
Professional 15 20 ± 1.05 177 ± 2.69 71 ± 4.15 11.73 ± 0.96

The values are presented as the mean ± SD.

2.2. Experimental Procedure

During the athlete’s serve landing phase, the motion dynamics and kinematics of their
lower extremities were recorded by the Vicon motion-tracking system (Oxford Metrics
Ltd., Oxford, UK) operating at 200 Hz, along with a Kistler force plate (Kistler Instrumente
AG, Winterthur, Switzerland) recording at 1000 Hz. The marker model included 49 points,
which were as follows: thoracic vertebrae 10, scapular—inferior angles, scapula—acromial
edge, deltoid tuberosity, humeral lateral epicondyle, styloid tips of the radius and ulna, base
of the index finger, anterior superior iliac spine, iliac crest, posterior superior iliac spine,
three points of the thigh, lateral and medial epicondyles of the femur, fibular head, tibial
tuberosity, calf triad, lateral and medial projections of malleoli, heel bone, dorsal margins
of the first and fifth metatarsal heads, and dorsal side of the second metatarsal head.

Initially, the resting state of each athlete was individually recorded, which was defined
as a period with no significant joint or muscle activity. This resting state was then used
as the baseline for analyzing the athlete’s dynamic serving motion. After the athlete had
completed a full dynamic warm-up (DWU) [31], consisting of 4–5 min of self-directed
general warm-up, 6–8 min of dynamic stretching, 10 min of tennis-specific high-intensity
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exercises, and 3 rounds of explosive movements with a 15 s rest between each round, a
platform-style serve was simulated on the force platform, ensuring that the subject applied
the same magnitude of force for each serve as they had for the first one. As shown in
Figure 1, data analysis was conducted using the first five successful serves [32]. This study
selected kinematic and dynamic indicators for the three joints of the lower limb in the
sagittal, coronal, and horizontal planes [33], including ROM in degrees (◦), moment and
peak moment in Nm/kg, and stiffness in Nm/kg◦, which was calculated using the formula
shown below [20]:

K =
∆M
∆θ

(1)
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Figure 1. Experimental procedure and data analysis: (a) Experimental procedure: The Vicon system
combined with a Kistler force plate was used to record kinematic and dynamic data of the serving
motion; (b) Data processing using Visual 3D software, version 6; (c) Data analysis on different planes
using the first five successful serves.

2.3. Data Processing

The experimental data, collected and converted simultaneously, were analyzed with
Vicon Nexus 2.6.1 software. The process involved marker labeling, identification, trajectory
gap interpolation, and the assigning of names. Finally, the entire dataset was transferred
in “*c3d” format to Visual 3D (version 6; C-Motion, Inc., Germantown, MD, USA) for
detailed examination. The data underwent processing via a low-pass filter of the fourth
order, featuring a 10 Hz cut-off frequency, as cited in reference [34]. Joint moments were
calibrated in relation to the body weights of the participants. All the data points from every
phase of motion were standardized to a total of 101.

2.4. Statistical Analysis

Following standardization, a normality test was performed, and data are shown as the
mean ± SD, with a significance threshold of 0.05. Independent-sample t-tests were applied
in both analyses. ROM and joint moment differences between the two groups of tennis
players were analyzed using Spm1d 0.4.11 in MATLAB R2024a (The MathWorks, Natick,
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MA, USA), while peak moments and joint stiffness were examined using SPSS 27.0.1 (IBM
Corp, Armonk, NY, USA).

3. Results
3.1. ROM

Figure 2 illustrates the left hip-joint ROM of male professional and amateur tennis
players during the serve’s landing phase. The degree of hip flexion in professional tennis
players is greater than that of amateur tennis players; however, there is no notable difference
(p > 0.05) (Figure 2a). During the landing phase of a tennis serve on the horizontal plane,
amateur male tennis players demonstrate significantly greater hip external rotation ROM
compared with professional players (45~100%; p = 0.026) (Figure 2c).
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Figure 2. The three-plane ROM of the left hip joint: (a) Sagittal plane; (b) Coronal plane; (c) Horizontal
plane.

During the landing phase of the serve, professional male tennis players exhibit a
significantly larger ROM of the left knee joint compared with amateur male players in
the sagittal plane (0~82%; p = 0.003) (Figure 3a) and the coronal plane (0~29%; p = 0.042)
(Figure 3b). As shown in Figure 3c, no notable difference in ROM of the left knee in
the horizontal plane is observed between professional and amateur male tennis players
(p > 0.05).
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Throughout the serve’s landing phase, the left ankle joint’s sagittal-plane ROM differs
significantly between male tennis players of varying competitive levels (p < 0.001), with
professional players exhibiting a greater ankle-joint ROM (Figure 4a). There is no significant
difference in the left ankle inversion–eversion ROM between professional and amateur
male tennis players (p ≥ 0.05) (Figure 4b). During the landing phase of the serve, the
horizontal-plane ROM of the left ankle joint is significantly greater in professional male
tennis players compared with that of amateurs (27~67%; p = 0.041) (Figure 4c).
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3.2. Joint Moment

Though the difference is not significant (p > 0.05), in the landing phase of the serve, a
larger left hip-joint moment in the sagittal plane is observed in professional male tennis
players compared with amateurs (Figure 5a). The moment variations of the left hip joint
in the coronal plane among male tennis players of two performance levels also show no
significant differences (p > 0.05) (Figure 5b). Professional male tennis players demonstrate
a significantly higher left hip internal rotation moment during the serve’s landing phase
than amateur male players (59~91%; p = 0.036) (Figure 5c).
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The variations in the left knee flexion–extension moment throughout the serve’s
landing phase show no significant differences between professional and amateur male
tennis players (p > 0.05) (Figure 6a). Throughout the landing phase of the tennis serve,
professional male tennis players exhibit a significantly higher left knee adduction moment
compared with amateur male players (12~100%; p < 0.001) (Figure 6b). The horizontal
plane moment at the left knee joint of professional male tennis players is markedly higher
than that of amateur players (19~100%; p < 0.001) (Figure 6c).
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Professional male tennis players demonstrate a significantly higher plantarflexion
moment in the left ankle joint throughout the landing phase of serving than amateur male
players (6~74%; p = 0.004) (Figure 7a). In the coronal and horizontal planes, no significant
differences in the moments of the left ankle joint are observed between male tennis players
at professional and amateur levels (p > 0.05) (Figure 7b,c).
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As shown in Table 2, during the landing phase of the serve, except for the peak moment
in the frontal plane of the left ankle joint, professional male tennis players exhibit higher
peak moments compared with amateur players. However, significant differences are noted
solely in peak moments of the left hip joint in the horizontal plane (p = 0.029), the knee
joint within the coronal plane (p < 0.001), and the ankle joint within the horizontal plane
(p < 0.001) between the two groups. Skill differences do not have a significant impact on
the peak moments of the three lower-limb joints in professional male tennis players during
the landing phase of the serve in other planes (p > 0.05).

Table 2. Peak joint moments of the left lower limb.

Joint Plane Amateur Professional p

Hip
X −0.866 ± 0.589 −1.151 ± 0.438 0.212
Y −0.069 ± 0.506 0.110 ± 0.661 0.482
Z 1.094 ± 0.417 1.511 ± 0.417 0.029

Knee
X 0.235 ± 0.955 0.337 ± 0.608 0.764
Y 0.521 ± 0.259 1.354 ± 0.244 <0.001
Z −0.034 ± 0.257 −0.063 ± 0.468 0.087

Ankle
X −0.569 ± 0.296 −0.755 ± 0.211 0.104
Y 0.217 ± 0.215 0.173 ± 0.287 0.690
Z 0.360 ± 0.175 0.678 ± 0.137 <0.001

The values are presented as the mean ± SD; n = 30 (n = 15 per group).

3.3. Stiffness of Lower Extremities

In the sagittal plane, professional male tennis players demonstrate significantly greater
left hip-joint stiffness compared with amateur players (p < 0.05) (Table 3). However,
no significant differences in stiffness of left lower-limb joints are observed among the
two groups of male tennis players during the serve’s landing phase in other planes.

Table 3. Joint stiffness of the left lower limb.

Joint Plane Amateur Professional p

Hip
X 0.166 ± 0.049 0.278 ± 0.079 <0.001
Y 0.088 ± 0.054 0.075 ± 0.022 0.478
Z 0.161 ± 0.112 0.162 ± 0.065 0.987

Knee
X 0.036 ± 0.009 0.037 ± 0.008 0.761
Y 0.253 ± 0.177 0.249 ± 0.123 0.954
Z 0.063 ± 0.066 0.076 ± 0.095 0.732

Ankle
X 0.094 ± 0.129 0.076 ± 0.011 0.658
Y 0.027 ± 0.013 0.036 ± 0.046 0.540
Z 0.265 ± 0.278 0.429 ± 1.010 0.609

The values are presented as the mean ± SD; n = 30 (n = 15 per group).

4. Discussion
In tennis matches, the number of serves in each service game exceeds that of any

other stroke type [35]. Serves directly influence match outcomes [36], as players strive to
score points through serves to secure victory. Tennis serving requires the coordination of
lower-limb joints [37]. The serve motion is categorized into three stages: the pre-serve
jump, lift-off, and the landing phase [38]. The landing phase primarily relies on the action
of a single lower limb [39], imposing significant demands on the muscular control of the
athlete’s lower limb, potentially leading to an elevated injury risk. Differences in the serve
performance among tennis players with varying skill levels [40] may result in varying
risks of lower-limb joint injuries. Thus, the study investigated differences in ROM, joint
moments (including peak moments), and lower-limb joint stiffness in the landing phase
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of the serve between professional and amateur male tennis players (Table 4), highlighting
differences in lower-limb movements and force dynamics during this phase for players
with varying skill levels. Consistent with the hypothesis, professional male tennis players
adopt a more aggressive approach during the serve phase.

Table 4. Variations in lower-limb joint mechanics between male tennis players of two skill levels.

Joint Plane ROM Joint Moment Peak Joint Moment Joint Stiffness

Hip
X - - - <0.001
Y - - - -
Z 0.026 (45~100%) 0.036 (59~91%) 0.029 -

Knee
X 0.003 (0~82%) - - -
Y 0.042 (0~29%) <0.001 (12~100%) <0.001 -
Z - <0.001 (19~100%) - -

Ankle
X <0.001 0.004 (6~74%) - -
Y - - - -
Z 0.041 (27~67%) - <0.001 -

The values are presented as p, with only significant p-values reported.

At the hip joint, professionals exhibit significantly higher internal–external rotation
moments and peak moments in the horizontal plane, whereas amateurs demonstrate a
significantly greater ROM. This suggests that professionals can generate greater force
with a smaller joint ROM, reflecting more efficient force transmission and control, as
confirmed by the findings of Muaidi et al. [41]. However, prolonged exposure of the hip
joint to high-load forces may result in chronic injuries, while atypical force trajectories
in the hip joint could potentially impact the knee joint as well, consequently increasing
the likelihood of knee injuries [42]. The results indicate that during the landing phase
of the serve, professional male tennis players demonstrate greater hip flexion–extension
stiffness. Durand et al. [43] found a positive relationship between lower-limb stiffness and
explosive strength. However, excessive joint stiffness, which limits ROM, may increase the
risk of joint injuries under impact [44,45]. During the landing phase, athletes experience
substantial ground reaction forces and internal muscle forces, which could pose a higher
risk of hip injuries for professional male tennis players.

The results indicate that during the landing phase of the serve, professional male tennis
players exhibit significantly greater knee-joint ROM in the sagittal plane compared with
amateur male tennis players. An excessive ROM may increase the load on the lower-limb
extensor muscles [46], thereby elevating the risk of injury. Dynamic valgus and increased
valgus moments during landing are considered to be contributing factors to anterior
cruciate ligament (ACL) injuries, based on research carried out by Hewett et al. [47]. In
this study, professional male tennis players show significantly increased knee abduction
ROM, moments, and peak moments compared with amateur players, indicating that the
professional group might face an elevated risk of knee injury. Ueno et al. [48] also observes
that a larger knee abduction moment raises the likelihood of ACL injury. Excessive external
moments are recognized to increase knee-joint laxity, which may result in damage to
medial and lateral collateral ligaments, the anterior cruciate ligament, and the posterolateral
region [49]. This study’s findings reveal that knee-joint moment in the horizontal plane is
significantly greater in the professional group. This implies that professional male tennis
players may face a greater risk of knee-joint injuries compared with amateur players.

Inversion is the most common mechanism of injury for ankle joints [50]. However, this
study finds no notable variation in ROM in the frontal plane when comparing professional
and amateur male tennis players. Excessive peak forces and training loads have been
recognized as contributing factors that elevate the likelihood of muscle injuries and bone
tissue damage in professional athletes [51,52]. The findings of this study indicate that



Appl. Sci. 2025, 15, 2681 10 of 15

professional male tennis players exhibit considerably higher ROM and moments in the
sagittal plane, along with higher ROM and peak moments at the ankle joint in the transverse
plane compared with amateur male players. It is speculated that the landing phase of the
serve may pose a higher risk of ankle injuries to professional male tennis players.

Athletes must control and optimize the efficiency and stability of their movements
during the serve to sustain optimal performance levels [37]. The lower-limb movement and
pelvic thrust initiate the kinetic chain during the serve, playing a vital role in generating
powerful trunk rotational moments [53,54]. Athletes’ leg strength positively correlates
with serve speed, as found by Kaya et al. [55]. Furthermore, it is important to note
that upper-limb and trunk movements also influence lower-limb biomechanics [56,57].
Improvements in upper-limb function help to enhance overall stability [58,59], which affects
the joint angles, forces, and overall biomechanics during landing. Therefore, additional
studies are required to gain a comprehensive understanding of the complex relationships
among upper-limb, trunk, and lower-limb biomechanics, especially in the context of injury
prevention. This study focuses on lower-limb injury risks during the serve landing phase.
Aligning with the results of this study, Chéron et al. [60] found that lower limbs are more
prone to injury during athletic activities, and Hopper et al. [61] observed that young high-
level athletes are more susceptible to lower-extremity injuries. This might be because
athletes with higher skill levels are more likely to display greater intensity or to engage
in risk-taking behaviors compared with their amateur counterparts, thereby increasing
their injury risk. However, further research is required to identify effective strategies for
preventing sports-related injuries. Uninjured tennis players typically demonstrate greater
efficiency in energy transfer [26], highlighting the importance of studying lower-extremity
injury prevention during specific landing phases, such as after jumps or quick directional
changes. Previous studies have primarily focused on systematically developing tennis
injury prevention programs [62], but there remains a lack of personalized strategies that
account for individual differences. Future research should further investigate how to tailor
prevention plans based on athletes’ specific characteristics, thereby enhancing athletic
performance while preventing injuries and maintaining health.

While further investigation is necessary to create more effective injury prevention
measures for sports, present injury prevention guidelines for tennis include strengthen-
ing the lower-limb muscles [63], enhancing flexibility [64], and optimizing the method
of training [65]. Hewett et al. [66] have also found that enhanced proprioception and
neuromuscular control can effectively decrease the risk of injury. Daily recovery routines
like stretching, relaxation, as well as adequate warming up and cooling down, contribute
considerably toward the reduction in injuries of the lower extremities when engaged in
sports like tennis [67,68]. Modification of these protective measures according to the specific
athletes can also optimize their effectiveness [4]. Additionally, specific training aimed at
correcting injury-prone movement patterns and preventing muscle imbalances along the
kinetic chain can significantly lower the occurrence of both acute and chronic injuries in
tennis players [69]. Therefore, when designing training and research programs for tennis
players, it is crucial to thoroughly comprehend the physiological requirements of the sport
and to adopt a holistic approach to injury prevention [70].

During the serve landing phase, professional-level male tennis players in this study
demonstrate greater ROM, joint moments, peak moments, and stiffness in certain planes of
the lower limbs. It is hypothesized that this increased lower-limb involvement is intended
to enhance the serve performance and scoring potential, but it may also contribute to a
heightened risk of injury. Kinematic and dynamic assessments confirm the hypothesis of
this study, highlighting notable differences in the lower-limb biomechanical performance
between male tennis players of varying skill levels during the serve landing phase. How-
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ever, several limitations exist in this study. The analysis of tennis serving biomechanics may
be constrained, as the tests were conducted in a controlled laboratory environment that did
not account for the variable conditions found in actual tennis matches, such as differences
in surfaces like clay, grass, and hard courts. These environmental differences were not
replicated in the lab. Future research could explore real-world scenarios or apply finite
element analysis to better simulate these conditions. Finite element analysis, along with
musculoskeletal modeling, has been widely applied to explore the biomechanical behavior
of human internal tissues during movement [71–74]. Therefore, we will incorporate this
method to examine the biomechanical impact of serve landing on lower-limb injury risks
and further clarify potential injury mechanisms. Specifically, finite element analysis can
simulate the responses of bones, muscles, and tissues to dynamic forces during the serve
landing [75], providing deeper insights into the forces contributing to injury risk. Muscu-
loskeletal analysis can help identify muscle imbalances or improper joint movements that
may increase injury susceptibility [76], offering a more comprehensive understanding of
injury mechanisms while complementing the current study.

The findings of this study can inform practical applications in tennis injury prevention
and performance optimization. Understanding the kinematic and kinetic differences
between professional and amateur players can guide the development of personalized
training programs. Adjusting training plans based on athletes’ specific biomechanical
needs can effectively reduce the risk of lower-extremity injuries in tennis players.

5. Conclusions
This study analyzes the kinematic and dynamic performance of male tennis players

across various skill levels during the serve landing phase, revealing distinct differences in
lower-limb biomechanics between professionals and amateurs. Compared with amateur
tennis players, professional tennis players showed greater ROM, joint moments, and
stiffness in some lower-limb joint planes during the serve landing phase. These findings
help predict lower-limb injury risks in tennis players during the serve landing phase. Future
biomechanical research could focus on developing personalized, biomechanically informed
exercise programs for tennis players to prevent and mitigate lower-limb joint injuries.
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