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Abstract: Objectives: The relationship between isokinetic maximal strength of internal or external
shoulder rotation and serve speed in tennis is well-established, yet the influence of segmental mass,
height, and high-speed shoulder rotation strength on serve performance in junior players remains
unclear. This study aimed to investigate the relationship between concentric or eccentric isokinetic
shoulder strength, segmental mass, height, and first-serve speed aimed at the T-target zone.
Methods: Fifteen male junior competitive tennis players (mean + SD: age 15.9 + 0.9 years; height 180.1
+ 7.2 cm; body mass 66.1 + 5.7 kg) were assessed for maximal isokinetic strength during concentric
and eccentric internal and external shoulder rotations. Segmental mass (arm, leg, and trunk) was
measured using dual-energy X-ray absorptiometry, and serve speed was recorded using a radar gun.
Results: Concentric shoulder rotations at 210°/s demonstrated significant positive correlations with
serve speed for both external (¢ = 0.71, p < 0.01) and internal rotation (o = 0.61, p < 0.05). Although
lean arm mass partially mediated the relationship between shoulder strength and serve speed
(indirect effect = 0.502, 95% CI: —0.156 to 1.145), this mediation effect was not statistically significant.
Height was moderately correlated with serve speed (o = 0.68, p < 0.01) but did not moderate the
relationship between shoulder strength and serve speed. Conclusions: Concentric shoulder strength
at higher angular velocities and segmental mass contribute to serve speed in junior tennis players.
While height provides structural advantages, strength and lean mass play important roles,
emphasizing the need for targeted training programs.

Keywords: tennis performance; isokinetic strength; grip strength; anthropometry

1. Introduction

The tennis serve is among tennis's most technically and physically demanding strokes, requiring
both refined technical proficiency and substantial physical strength and coordination across multiple
body segments [1,2]. Serving effectively relies on the coordinated movement of multiple body
segments (feet, lower limbs, trunk, shoulder, elbow, wrist, and hand), all contributing to an optimized
energy transfer from the ground through the kinetic chain [3-8]. At the professional level, high-
velocity serves are essential for competitive success, as they place opponents in defensive positions,
thereby reducing their ability to return effectively [6,9-11]. Accordingly, understanding the key
biomechanical and physical factors contributing to serve speed is crucial for performance
improvement [12-15].

Among these physical factors, shoulder strength is pivotal for serve speed, particularly
involving the internal rotators. Research consistently demonstrates that both isometric and isokinetic
strength of the shoulder’s internal and external rotators significantly influence racquet head speed, a
primary factor underlying powerful serves [4,5]. During the acceleration phase, the internal rotators

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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contribute substantially to upper-arm angular velocity, thereby affecting ball speed [5]. In addition,
both concentric and eccentric shoulder muscle actions are critical during both the acceleration and
deceleration phases, facilitating racquet control and supporting injury prevention [16,17].

The relationship between shoulder strength and serve speed is well-documented among elite
players, with studies indicating that higher isometric and isokinetic strength correlates with faster
serve speeds (2). However, studies on nationally ranked players and junior athletes have produced
mixed results. For example, one study found no significant correlation between maximum isokinetic
shoulder strength and serve speed among nationally ranked players [3], while another identified
muscular strength, power, and stiffness as crucial predictors of stroke velocity in junior players [9].
Additionally, some research on junior athletes has reported no significant relationship between
maximum isokinetic strength of internal and external shoulder rotations and serve velocity [4]. This
variation in findings suggests that junior players, who are still developing physically, may be
influenced by factors different from those of professional players when it comes to achieving high
serve velocities. Consequently, the literature on the impact of isokinetic shoulder strength,
particularly concentric and eccentric strength of rotators, on serve speed in younger players remains
limited and warrants further exploration.

Furthermore, grip strength has also been identified as an important contributor to serve
mechanics, influencing racquet control and force application during the serve [18,19]. Additionally,
longer participation in tennis has been correlated with increased grip strength, highlighting the
impact of sustained training on this attribute [20], and studies examining the effects of resistance
training on grip strength in tennis players aged 15-25 have shown significant improvements in grip
strength following a three-week intervention using hand grippers and therapeutic putty, supporting
the efficacy of targeted grip training for enhancing tennis performance [21]. Given these findings,
further examination of the relationship between grip strength and serve speed in junior players is
particularly relevant, as it may provide insights into their development and inform targeted strength
training programs to optimize performance.

Given the established benefits of such training for elite players, understanding its potential
effects on developing athletes could provide key insights for refining coaching and training
methodologies tailored to junior athletes' needs [3]. Regarding biomechanical factors, the analyses of
the serve have identified key phases (loading, cocking, acceleration, contact, deceleration, and finish)
in which strength and coordination play a critical role [6]. For instance, lower body techniques during
the loading phase (e.g., foot-back or foot-up styles) affect the vertical force initiation of the kinetic
chain [4]. In the acceleration phase, the shoulder’s internal and trunk rotation primarily contribute to
racquet head speed and serve velocity. The pronounced internal shoulder rotation at this stage
underscores the importance of shoulder strength, especially in the rotator cuff and related muscles,
for generating serve speed [5,22]. These biomechanical insights can provide a broader understanding
of how strength is important for higher serve speed, particularly emphasizing the role of internal
shoulder rotation during the acceleration phase, which is vital for optimizing racquet head speed.
Furthermore, the role of body segment masses, such as arm, leg, and trunk masses, has garnered
attention in biomechanical analyses. These segments contribute to the kinetic chain by influencing
the generation and transfer of force throughout the serve. Segmental mass affects momentum, with
greater mass potentially offering biomechanical advantages in power generation during the
acceleration phase, particularly by enhancing energy transfer through the trunk and generating
additional force through the arm and leg during racquet acceleration [23,24]. Therefore, we included
selected segmental masses in our analysis to better understand their relationship with serve speed in
junior tennis players.

Despite the well-established role of shoulder strength in serving speed among elite players, the
specific impact of isokinetic concentric and eccentric shoulder strength training on junior players
remains underexplored. The methodology of this study, which includes isokinetic testing of shoulder
rotators at 210°/s and 300°/s, represents a contribution to understanding how strength at high
velocities correlates with serve speed in junior players. Additionally, grip strength, height and body
segment masses may offer valuable insights into serve mechanics, given their potential contributions
to force generation and control. Addressing this gap could enable the development of more effective,
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appropriate strength programs for junior players. Therefore, this study investigates the relationship
between serve speed and isokinetic concentric and eccentric shoulder strength, as well as body mass,
segmental masses, height, and grip strength in junior tennis players. We hypothesize that serve speed
in junior tennis players is significantly influenced by the maximum isokinetic concentric strength of
the shoulder's internal and external rotators, with this relationship mediated by arm and trunk lean
mass. Additionally, we hypothesize that height moderates this relationship, such that taller players
exhibit a stronger correlation between shoulder strength and serve speed.

2. Materials and Methods
2.1. Study Design

This cross-sectional correlational observational study investigated the relationship between
maximal isokinetic shoulder strength in both concentric and eccentric internal and external rotations,
segmental mass, grip strength, height, and serve speed in junior tennis players. The study complied
with ethical research standards and received approval from the Faculty of Physical Education and
Sport Ethics Committee, Charles University (No. 243/2020). All procedures were conducted following
the Declaration of Helsinki.

2.2. Procedure

The testing protocol consisted of two sessions (Figure 1). In the first session, participants initially
underwent body composition assessment using dual-energy X-ray absorptiometry (DXA) to
determine segmental mass, including arm, trunk, and leg mass. Following the DXA scan, participants
completed a 10-minute warm-up consisting of dynamic stretching and general activation exercises to
prepare for grip strength testing. Grip strength was then assessed using a digital hand dynamometer,
with participants performing three maximal-effort trials for each hand, and the highest value
recorded. After completing grip strength testing, participants engaged in a shoulder-specific warm-
up, including dynamic stretching and activation exercises, to prepare for isokinetic testing. Isokinetic
shoulder strength was measured using an isokinetic dynamometer at two angular velocities: 210°/s
and 300°/s. Participants executed three maximal-effort repetitions for internal and external shoulder
rotations at each velocity, with standardized rest intervals between tests. The order of testing (angular
velocity and internal vs. external rotation) were randomized to avoid potential order effects. The
session was conducted under standardized indoor conditions at a controlled temperature of 22 + 1
°C. Session two was conducted 24 hours after the first session and focused on measuring serve speed.
After completing a 15-minute warm-up consisting of dynamic stretching and shoulder-specific
activation exercises, participants performed a series of 20 maximal-effort flat serves aimed at
designated service boxes. Serve speed was recorded using a radar gun, and the session was
conducted under the same standardized indoor conditions as the first session. Both sessions were
designed to ensure safety, consistency, and reliable data collection.
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Figure 1. Overview of the testing protocol.

2.3. Participants

The study involved fifteen male junior players (mean + SD: age 15.9 + 0.9 years; height 180.1 +
7.2 cm; body mass 66.1 + 5.7 kg, body fat 17.7 + 2.2%), selected based on their rankings on the junior
tennis circuit. At the time of data collection, all participants had been training regularly for
approximately ten years in a tennis club affiliated with a youth sports center. They trained five times
per week, with sessions focused on technical, tactical, and physical preparation. The players regularly
competed in national tournaments and International Tennis Federation junior competitions. All
participants were familiar with the serve, grip strength, and isokinetic testing protocols. Informed
consent was obtained from all participants after explaining the study's purpose and procedures. All
participants were healthy and free from any traumatic injuries affecting performance or
musculoskeletal injuries occurring within three months prior to the start of the study.

2.4. Instruments

The methods and instruments used for measuring body composition, grip strength, isokinetic
strength of the shoulder rotators, and tennis serve speed are detailed in this section in the order they
were conducted.

2.4.1. Dual-Energy X-Ray Absorptiometry

Participants underwent body composition analysis using dual-energy X-ray absorptiometry to
assess the total mass of specific body segments. Participants removed all metallic and inorganic items,
such as jewelry and belts, to prevent imaging artifacts before the scans. They were positioned supine
on the scanning table and instructed to remain motionless to ensure consistent and reliable
measurements [25]. The DXA scans were conducted using a narrowed fan-beam system (Lunar
Prodigy; GE Healthcare, Madison, WI, USA) and analyzed with GE Encore 12.30 software. The
system was calibrated daily with a standard phantom to ensure accuracy [26]. Total mass values were
extracted for the serving arm, dominant leg, and trunk.

2.4.2. Grip Strength

Grip strength was assessed using a calibrated hand dynamometer (Model GRIP-D, T.K.K. 5401,
Takei Scientific Instruments Co., Ltd., Niigata, Japan). Participants performed the test in a seated
position with their elbow flexed at 90 degrees and their forearm in a neutral position, in accordance
with standardized testing protocols [27]. The dominant hand was used for all measurements. Each
participant was instructed to squeeze the dynamometer with maximum force for 3 seconds, ensuring
consistent effort across trials. Three trials were conducted, with a 30-second rest period between
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attempts to minimize fatigue. The highest recorded value was used for analysis. The dynamometer
was calibrated before testing to ensure accuracy.

2.4.3. Isokinetic Strength Testing of the Shoulder

All isokinetic strength tests were performed using a standard isokinetic dynamometer (Humac
Norm; CSMi Stoughton, MA, USA) measuring internal and external rotations of the dominant
(serving) shoulder. Tests were conducted at angular velocities of 210°/s and 300°/s to evaluate peak
torque during concentric and eccentric muscle actions [28]. These speeds were chosen because a
predominant high-speed contractions are prevalent in tennis [29-31]. The isokinetic dynamometer
was calibrated at the beginning of each test day according to the manufacturer's guidelines to ensure
accurate and reliable measurements.

Prior to isokinetic testing of shoulder rotators, participants completed a comprehensive warm-
up to promote muscle readiness and reduce injury risk. This protocol included general aerobic
exercises followed by shoulder-specific movements to prepare the muscles for the demands of
isokinetic evaluation [32]. Participants were positioned supine with the shoulder joint aligned with
the dynamometer's axis of rotation, with the arm abducted to 90° and the elbow flexed at 90°. The
shoulder was stabilized with a custom-made humeral support. This position offered stability and
closely resembled the serving motion's arm position [29]. The testing range of motion was set to 90%
of each participant’s maximum external rotation and 65% of their maximum internal rotation,
ensuring safety during testing while mimicking the functional shoulder movements typically used
during the serve. Each participant performed three repetitions of maximum voluntary contractions
for both concentric and eccentric muscle actions at each angular velocity. A rest period of 90 seconds
was provided between tests at different velocities to minimize fatigue. To ensure safety during
testing, all participants were supervised by a physiotherapist who monitored proper technique and
alignment throughout the protocol. Participants were instructed to exert maximum effort during each
repetition while maintaining smooth and controlled movements. They were explicitly directed to
avoid compensatory movements such as excessive trunk rotation or shoulder elevation, which could
compromise measurement validity and participant safety. The order of testing (angular velocity and
internal vs. external rotation) was randomized to avoid potential order effects.

2.4.4. Serve Testing Protocol

Following the standardized 15-minute warm-up, which included 5 minutes of light jogging and
dynamic exercises such as calf raises, hip hinges, lunges, squats, and hopping, as well as specific
shoulder activation exercises using resistance bands to warm up the rotator cuff muscles, participants
proceeded to the serve testing protocol. The shoulder warm-up focused on internal and external
rotations and scapular stabilization to ensure optimal preparation and reduce the risk of injury. The
session emphasized safety, consistency, and maximal effort, with participants instructed to rest
briefly between serves to minimize fatigue.

Before the main testing, participants underwent a familiarization process in which they
performed five practice serves aimed at the designated target area to adjust their technique and
acclimate to the testing environment. Subsequently, each participant then performed 20 maximal-
effort flat serves aimed at the designated target area on the service court. The target area was a
rectangle measuring 1 x 2 meters, positioned 1 meter from the centerline and extending 2 meters from
the service line towards the net on the deuce side of the tennis court, visibly marked with white tape
[3,7]. Serve speed was measured using a radar gun (Stalker Pro II, Applied Concepts Inc., USA)
placed in front of the server and aligned with the ball's flight path to ensure accurate speed detection
while maintaining safety protocols.

A three-person team facilitated testing to ensure data accuracy and compliance with protocols.
One researcher recorded the speed of each serve and communicated the values, while another team
member logged valid attempts and documented the results. Only serves that landed within the
designated target area and adhered to the prescribed rules were considered valid for analysis. The
third team member provided tennis balls to the participants, monitored adherence to serving rules,
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and ensured that serves were performed from behind the baseline in accordance with official tennis
regulations.

Statistical analyses were performed using IBM SPSS Statistics for Windows (version 25.0, IBM
Corp., Armonk, NY, USA) and Microsoft Excel 2019 (version 2312, Microsoft Corp., Redmond, WA,
USA). The primary variables measured included peak torque values during concentric and eccentric
shoulder rotations at angular velocities of 210°/s and 300°/s, assessed using an isokinetic
dynamometer. Serve speed was recorded as the mean of the three fastest valid serves, measured with
a radar gun. Body composition, including segmental mass and lean mass (arm, trunk, and leg), was
assessed using DXA. Grip strength was measured using a digital hand dynamometer, with the
highest value from three trials for each hand recorded. Data were tested for normality using the
Shapiro-Wilk test. Spearman's correlation coefficient was used to analyze the relationships among
isokinetic shoulder strength (Nm), segmental mass and lean mass (kg), height (cm), grip strength
(kg), and serve speed (km/h).

The correlations and mediation results were visualized through scatter plots with regression
lines to illustrate the relationships. A mediation analysis was conducted to evaluate whether the
relationship between isokinetic shoulder strength and serve speed was mediated by segmental mass.
This analysis followed the Baron and Kenny approach [33], testing three relationships: (1) shoulder
strength and segmental mass, (2) shoulder strength and serve speed, and (3) the combined effects of
shoulder strength, segmental mass, and serve speed. A bootstrap analysis (1000 iterations) was
performed to estimate the indirect effect and its confidence intervals. A moderation analysis was also
conducted to assess whether height moderated the relationship between shoulder strength and serve
speed. Interaction terms (e.g., height x shoulder strength) were included.

A sensitivity analysis was conducted using G*Power (version 3.1.9.6) to determine our sample's
minimum detectable effect size for the correlation coefficient. The study used a two-tailed test with
an alpha error probability set at 0.05 and a power (1-f3) of 0.80 (80%). The computed minimum
detectable correlation coefficient was r = 0.58. Consequently, the strength of correlations was
interpreted as weak (< 0.58), moderate (0.58-0.79), or strong (= 0.80). This approach ensured that our
sample size was sufficient to detect statistically significant correlations, thereby providing insights
into the impact of isokinetic shoulder strength on serve speed among junior tennis players.

3. Results

Table 1 presents the descriptive statistics for the performance metrics of isokinetic net moment,
tennis serve speed, grip strength, and segment masses. The results indicate a range of means and
variability, with internal shoulder rotation eccentrically at 210°/s showing the highest standard
deviation (SD = 8.2 Nm) and arm mass the lowest (SD = 0.4 kg). Confidence intervals for the means
are relatively narrow across variables, indicating consistent measurements among participants. The
Shapiro-Wilk test results demonstrate that most variables do not significantly deviate from normality
(p>0.05), except for external shoulder rotation eccentrically at 210°/s (p = 0.01), which indicates a non-
normal distribution. This result and a small number of participants suggests that non-parametric
methods may be more appropriate.

Table 1. The performance of isokinetic net moment, serve speed, grip strength, and description statistics of
segment mass.

Variables Mean SD CIlLower CIUpper SW

Internal Shoulder Rotation Con (210°/s, 00 69 282 35.8 0.42
Nm)

External Shoulder Rotation Con (210°/s, 211 42 18.8 235 0.98
Nm)

Internal Shouldeli\I I:;catlon Ecc (210%/s, 8.6 8 a4 131 0.44

External Shoulder Rotation Ecc (210°/s,

327 76 28.5 36.9 0.01
Nm)
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Internal Shoulder Rotation Ecc (300°/s,

335 56 30.4 36.6 0.28
Nm)

External Shoulder Rotation Ecc (300°/s, 301 5.0 273 09 0.64
Nm)

Internal Shoulder Rotation Con (300°/s, 201 67 5.4 08 1.00
Nm)

External Shoulder Rotation Con (300°/s, 209 37 18.9 9 0.99
Nm)

Serve Speed (km/h) 1724 109 166.4 178.5 0.41

Arm Mass (kg) 3.8 0.4 3.6 4 0.96

Arm Mass — lean (kg) 32 029 3 3.3 0.65

Leg Mass (kg) 115 14 10.7 12.3 0.55

Leg Mass — lean (kg) 9.3 1.2 8.7 10 0.63

Trunk Mass (kg) 319 3.0 30.2 33.6 0.45

Trunk Mass — lean (kg) 269 28 254 28.5 0.95

Body mass (kg) 66.1 57 63 69.3 0.9

Body mass — lean (kg) 548 5.1 52 57.6 0.96

Grip Strength (kg) 39.7 64 36.2 43.3 0.95

Abbreviations: CI—95% confidence interval, SD —standard deviation, SW —Shapiro-Wilk test, Con —
concentric, Ecc — eccentric.

3.1. Correlation Analysis Between Serve Speed and Performance Metrics or Segment Mass

Spearman’s correlation coefficient was used to determine the associations between serve speed
and selected variables (Table 2). Moderate positive correlations were revealed between serve speed
and internal concentric shoulder rotation at 210°/s, external concentric shoulder rotation at 210°/s,
external concentric shoulder rotation at 300°/s, arm mass, trunk mass, leg mass and height.
Additionally, the lean mass of the arm and body mass showed strong positive associations,
highlighting the role of muscle mass in serve performance. Spearman’s correlation for internal
eccentric shoulder rotation at 210°/s and external eccentric shoulder rotation at 210°/s revealed weak
positive but non-significant relationships. Weak correlations were also observed for grip strength.

Table 2. Spearman’s coefficients between serve speed and performance metrics or anthropometric variables.

Variables o) p-values Interpretation
Internal Shoulder Rotation Con (210°/s) 0.61* 0.016 Moderate positive
External Shoulder Rotation Con (210°/s) 0.71* 0.003 Moderate positive
Internal Shoulder Rotation Ecc (210°/s) 0.41 0.128 Weak positive (ns)
External Shoulder Rotation Ecc (210°/s) 0.39 0.156 Weak positive (ns)
Internal Shoulder Rotation Ecc (300°/s) 0.35 0.196 Weak positive (ns)
External Shoulder Rotation Ecc (300°/s) 0.27 0.328 Weak positive (ns)
Internal Shoulder Rotation Con (300°/s) 0.56 0.030 Weak positive
External Shoulder Rotation Con (300°/s) 0.65% 0.008 Moderate positive
Arm Mass (kg) 0.77* 0.001 Moderate positive
Arm Mass — lean (kg) 0.85* 0.001 Strong positive
Leg Mass (kg) 0.62* 0.014 Moderate positive
Leg Mass — lean (kg) 0.66* 0.002 Moderate positive
Trunk Mass (kg) 0.72* 0.003 Moderate positive
Trunk Mass — lean (kg) 0.60% 0.017 Moderate positive
Grip Strength (kg) 0.46 0.084 Weak positive (ns)
Height (cm) 0.68* 0.006 Moderate positive
Body mass (kg) 0.81% 0.001 Strong positive
Body mass — lean (kg) 0.73* 0.002 Moderate positive

Abbreviations: o — Spearman’s correlation coefficient, ns — not significant (p > 0.05). * 0 > 0.58, Con — concentric,
Ecc — eccentric. .
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3.2. Graphical Representation of Findings

Several key findings emerged from the correlation analysis. Figure 2 illustrates the correlation
between serve speed and lean arm mass (Figure 2a) and between serve speed and player height
(Figure 2b). The regression lines suggest positive relationships, indicating that greater arm mass and
height are associated with faster serve speeds. The stronger relationship observed between serve
speed and lean arm mass (R? = 0.734, R?adgjust= 0.713) compared to height (R? = 0.359, R2adgjust = 0.309)
highlights the importance of arm mass for serve performance. However, this finding is closely tied to
player height, as it is logical that taller players have longer arms, which naturally results in greater
arm mass. Therefore, the combined effect of height and lean arm mass likely contributes to the
observed increase in serve speed, as longer limbs provide a mechanical advantage for generating
higher velocities.

190,00 R?Linear =0359 & ° 2
3,75 °
R? Linear = 0734
°
S 350 185,00
<
T 5 = 18ama ° y=1,13E2+0,39'x| o
] = i =
g =] °
o

£ x °
£ 900 175,00
<
e e

2,75 ly=-0,74+0,02°x|

[y=0,74+0,02'x 17000 °
°
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°
165,00
150,00 160,00 170,00 180,00 190,00 150,00 160,00 170,00 180,00 190,00
Serve speed (km/h) Serve speed (km/h)
(@) (b)

Figure 2. Correlation between the serve speed and lean arm mass or height: (a) lean arm mass and serve speed;
(b) height and serve speed.

Figure 3 illustrates the relationships between serve speed and isokinetic internal shoulder
rotation (Figure 3a) and external shoulder rotation (Figure 3b), both measured concentrically at
210°/s. The regression lines in both graphs show positive relationships, suggesting that greater
isokinetic strength in the shoulder rotators is associated with faster serve speeds. The relationship
between serve speed and external rotation strength (R? = 0.507, R2%agjust= 0.469) was similar to internal
rotation strength (R? = 0.495, R2adgjust= 0.456). This highlights the important role of external rotators in
stabilizing and decelerating the arm during the serving motion, while internal rotators contribute to
the acceleration phase.

4500| g2 Linear - 0.495 30,00 R Linear = 0.507

4000
25,00
3500

30,00 y=-44,23+0,44"x .

20,00 . °
o
25,00

15,00

Internal Shoulder Rotation Con 210°/s
External Shoulder Rotation Con 210°/s

20,00

15,00

10,00

150,00 160,00 170,00 180,00 190,00 150,00 160,00 170,00 180,00 190,00
Serve speed (km/h) Serve speed (km/h)
() (b)

3.3. Mediation Analysis

The mediation analysis assessed whether lean arm mass mediates the relationship between
isokinetic concentric shoulder strength and serve speed. The first regression model showed that
isokinetic internal shoulder strength concentrically at 210°/s positively predicted lean arm mass (3 =
0.0197, p = 0.079), although the relationship was not statistically significant. The second regression
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confirmed that shoulder strength significantly predicted serve speed (3 =1.1192, p = 0.003). The third
regression, which included both shoulder strength and lean arm mass, demonstrated that both
predictors contributed significantly to serve speed, with shoulder strength (3 =0.6170, p = 0.010) and
lean arm mass (3 =25.5472, p <0.001). Bootstrap analysis (1000 iterations) estimated the indirect effect
of lean arm mass as 0.502, with a 95% confidence interval ranging from -0.1564 to 1.1450. These results
suggest partial mediation, but the indirect effect was not statistically significant, indicating that lean
arm mass may contribute to the relationship between shoulder strength and serve speed, though this
effect could not be confirmed with sufficient confidence.

3.4. Moderation Analysis

The moderation analysis tested whether height moderated the relationship between isokinetic
concentric shoulder strength (210°/s) and serve speed. Interaction terms (height x shoulder strength)
were included in regression models, but none of the terms were statistically significant (p > 0.05).
Therefore, the results do not support height as a significant moderator in the relationship between
shoulder strength and serve speed.

3.5. Summary of Findings

A moderate positive correlation was observed between serve speed and concentric external
shoulder rotation strength at 210°/s (¢ = 0.71, p =0.003). Concentric internal shoulder rotation strength
at 210°/s also showed a significant positive correlation with serve speed, though to a slightly lesser
extent (0 =0.61, p = 0.016). A strong positive correlation was found between height and body mass (o
=0.84, p=0.0001), as well as between height and lean body mass components such as Arm mass lean
(0 =0.85, p = 0.001). However, no significant correlation was found between height and concentric
internal shoulder rotation strength (o = 0.01, p = 0.985) and the relationship between height and
concentric external shoulder rotation strength was weak and not statistically significant (0 =0.21, p =
0.450).

The mediation analysis indicated that lean arm mass partially mediates the relationship between
concentric internal shoulder rotation strength and serve speed. The indirect effect of lean arm mass
on serve speed was estimated to be 0.502 (95% CI: -0.156 to 1.145), suggesting that lean arm mass
contributes significantly to the relationship, although the mediation was not statistically significant.
Additionally, the moderation analysis showed that height does not significantly moderate the
relationship between shoulder strength and serve speed, as interaction terms were not statistically
significant (p > 0.05).

These findings indicate that while height and related mass variables contribute to serve speed
through structural advantages (longer levers and greater arm mass), isokinetic shoulder strength,
particularly concentric external or internal rotation, remains an independent predictor of serve speed.
Furthermore, lean arm mass may enhance the relationship between shoulder strength and serve
speed, though the effect appears limited in this sample.

4. Discussion

The tennis serve is widely regarded as one of the sport’s most physically demanding skills,
requiring precise coordination, technical mastery, and substantial muscular strength across multiple
body segments [1,2]. Shoulder strength, particularly in the internal and external rotators, is pivotal
in generating the high velocities needed for effective serves [4,5]. Previous studies have demonstrated
that concentric and eccentric strength significantly impact racquet head speed among elite players,
with stronger shoulders contributing to higher ball velocities and greater serve efficiency [5,12].
However, findings related to junior players have been less consistent, as physical development and
training maturity vary significantly within this group [3,9].

Our findings highlight the importance of concentric internal and external shoulder rotation
strength in junior tennis players, demonstrating their significant contribution to serve speed. External
rotators play a critical role in stabilizing the shoulder during the deceleration phase while also
supporting force generation during the acceleration phase of the serve. Internal rotators, as the
primary drivers of arm acceleration, contribute directly to the transfer of energy through the kinetic
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chain. These findings underscore the complementary roles of these muscle groups in optimizing
serve performance, reinforcing the need for balanced strength development [14,34]. Regarding
anthropometric variables, height was moderately associated with serve speed but showed no
significant relationship with shoulder strength. Instead, the relationship between height and
performance appears to be mediated by body mass, particularly lean arm mass, which was associated
with height and serve speed. Mediation analysis suggested that lean arm mass partially explains the
relationship between shoulder strength and serve speed, highlighting its role in amplifying the
biomechanical advantages of shoulder strength. However, the mediation effect was not statistically
significant, indicating that shoulder strength remains the primary independent predictor of serve
speed.

In terms of height, it did not significantly moderate the relationship between shoulder strength
and serve speed. These results suggest that while taller players benefit from structural advantages
such as longer levers and greater arm mass, the influence of shoulder strength on serve speed remains
independent of height. The intertwined nature of anthropometric characteristics, such as lean arm
mass and height, provides biomechanical advantages that complement the contributions of isokinetic
shoulder strength. These findings emphasize the multifaceted nature of serve performance,
combining muscular strength and anthropometric factors.

4.1. Hypothesis

We hypothesized that serve speed in junior tennis players would be significantly influenced by
the maximum isokinetic concentric strength of the shoulder's internal and external rotators, with this
relationship mediated by lean arm mass. Additionally, we hypothesized that height would moderate
this relationship, such that taller players exhibit a stronger correlation between shoulder strength and
serve speed. This hypothesis was partially supported. Concentric internal and external shoulder
rotation strength were both significantly associated with serve speed, confirming their role as
independent predictors. Mediation analysis indicated that lean arm mass partially mediates the
relationship between concentric internal shoulder rotation strength (210°/s) and serve speed, with an
estimated indirect effect of 0.502 (95% CI: -0.156 to 1.145). However, this mediation effect was not
statistically significant, suggesting that while lean arm mass contributes to the relationship, it does
not fully explain it. Contrary to our hypothesis, height did not significantly moderate the relationship
between shoulder strength and serve speed, as interaction terms involving height were not
statistically significant. These findings suggest that while structural advantages associated with
height and lean body mass may enhance serve performance, the influence of isokinetic shoulder
strength on serve speed operates independently of height.

4.2. Comparison with Previous Studies

Previous studies on elite players have shown the importance of concentric and eccentric
shoulder strength, particularly in the external rotators, in achieving high serve velocities [5,12].
Eccentric strength is often emphasized due to its role in deceleration and injury prevention, especially
at higher racquet velocities, as seen in elite-level athletes with extensive training adaptations [13].
Johansson et al. [35] found that eccentric external rotation strength and intermuscular ratios
(eccER/IR) are lower in adolescent players competing at regional levels compared to national-level
players, highlighting the importance of eccentric strength as athletes progress. While eccentric
strength is emphasized in studies such as Johansson et al. [35] for its critical role in deceleration and
movement control, our results suggest that concentric strength plays a more prominent role in junior
players' serve performance. Additionally, our findings reveal that concentric shoulder strength in
junior players is strongly associated with serve speed, specifically at higher testing velocities, which
aligns with the results of Olmez et al. [31]. Such methodological differences, as outlined by
Ellenbecker [30], may influence the observed relationships. For example, Johansson et al. [35] focused
on isometric and eccentric strength ratios normalized to body mass, whereas our study measured
maximal concentric and eccentric strength at high velocities using isokinetic protocols. Overall, our
findings align with studies highlighting the importance of shoulder rotator strength and balance in
optimizing serve performance and preventing injuries in tennis players [9,16,17,23,31,35-38].
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In addition to shoulder strength, anthropometric factors such as height and body mass emerged
as critical determinants of serve speed. The relationship between height and serve velocity in this
study corroborates with findings by Bonato et al. [5] and Sanchez-Pay et al. [24], who identified the
relationship between height or body mass and serve velocity in professional tennis players. Taller
players may initially benefit from biomechanical advantages such as longer levers, which allow for
higher racquet velocities [39]. However, height did not correlate significantly with shoulder strength,
indicating that its contribution to serve speed operates independently of muscular factors. Lean arm
mass, strongly associated with height and serve speed, was identified as a key variable linking
anthropometric characteristics to performance, consistent with previous research demonstrating the
importance of limb mass in force generation during high-speed movements [9].

Our findings align with these perspectives, as the association between height and serve speed in
our junior players likely reflects early-stage exploitation of these biomechanical advantages. Over
time, as players mature and undergo strength training, the contribution of neuromuscular factors
may become increasingly significant. This underscores the importance of integrating physical
development and skill refinement into training programs, particularly during the critical
developmental stages. Such an integrated approach could help players maximize their biomechanical
potential while addressing the physical demands of the sport.

4.3. Integration of the Study Findings

The findings emphasize the importance of balanced strength development in both internal and
external rotators to optimize serve performance. While external rotators play a key role in stabilizing
the shoulder and supporting deceleration, internal rotators are the primary drivers of arm
acceleration during the serve. Training programs for junior players should include exercises targeting
concentric strength in both muscle groups, such as resisted shoulder rotations. This aligns with the
findings demonstrated that targeted concentric and eccentric shoulder strength training can improve
serve velocity in tennis players. Additionally, the strong relationship between lean arm mass and
serve speed suggests that strength training to increase muscle mass in the upper extremities could
benefit players with less favorable anthropometric profiles. As height did not moderate the
relationship between shoulder strength and serve speed, this indicates that lean arm mass mediates
the biomechanical advantages. Taller players, who naturally benefit from structural advantages such
as longer levers, may need to focus on maximizing their biomechanical potential through technique
optimization and stabilizing shoulder strength. In contrast, shorter players may rely more heavily on
acceleration strength to offset the disadvantages of shorter levers, highlighting the need for
individualized training programs. Future research could explore the potential for asymmetry in
shoulder rotator strength. Asymmetry could influence energy transfer efficiency during the serve,
contributing to the development of individualized rehabilitation and training programs.
Investigating the longitudinal effects of strength training, particularly at high angular velocities, may
provide further insights into optimizing serve performance in junior tennis athletes.

4.4, Limitations

This study has several limitations that should be considered. First, the small sample size (15
players) may limit the generalizability of the findings to a broader population of junior tennis players.
Future research with more extensive and diverse samples, including female players and players of
different ages and skill levels, must confirm these findings. Second, the cross-sectional design
prevents us from drawing causal inferences about the relationship between shoulder strength,
anthropometric factors, and serve velocity. Longitudinal studies are needed to examine how changes
in these factors over time affect serve performance. Third, while isokinetic testing provides valuable
insights into shoulder strength, it does not fully replicate the dynamic and explosive nature of serving
in a match environment. Lastly, this study did not account for all potential factors influencing serve
speed, such as serving technique, playing surface, and individual player characteristics like
flexibility, coordination, or neuromuscular control. Despite these limitations, this study provides
valuable insights into the factors contributing to serve performance in junior tennis players.
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5. Conclusions

This study underscores the critical factors influencing serve performance in junior tennis players
by integrating shoulder strength and anthropometric characteristics. Our findings highlight
concentric shoulder strength's contribution, particularly in internal and external rotators, to tennis
serve speed. While height and lean arm mass offer structural and muscular advantages, shoulder
strength emerges as an independent and trainable variable that directly contributes to serve
performance. The mediating role of lean arm mass further emphasizes the importance of muscular
development in optimizing serve speed, particularly for players with less favorable anthropometric
profiles. Our results also reinforce the necessity of balanced strength development in internal and
external rotators, specifically focusing on acceleration strength training to mimic the demands of
competitive tennis. Coaches should consider these findings when designing targeted training
programs, emphasizing individualized approaches that leverage each player's unique
anthropometric characteristics. By incorporating strength and anthropometric considerations into
training plans, coaches can enhance serve performance in junior tennis players more effectively.
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