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Abstract

Background/Objectives: Serve speed in tennis can be influenced by physical strength and toss
kinematics, yet their interaction remains unclear in junior athletes. This study investigated how toss-
related variables (zenith height, impact height, and zenith-impact differential) relate to shoulder
rotation strength and serve speed in junior tennis players. Methods: Thirteen nationally ranked
junior male players (mean age: 15.8 + 0.9 years; body mass: 65.9 + 5 kg; height: 181 +7 cm) participated.
Isokinetic shoulder internal and external rotation strength (concentric/excentric) were measured at
210°/s and 300°/s. High-speed 3D motion capture (Qualisys) recorded toss zenith, impact height, and
zenith-impact differential during flat serves directed into a designated 1 x 2 m target zone. Serve
speed was assessed using radar gun. Correlation, mediation, and moderation analyses were
conducted. Results: Impact height showed a significant positive correlation with successful (¢ =0.746,
p=0.003) and unsuccessful serve speed (0 = 0.776, p = 0.002). Moderation analyses showed that lower
variability in impact height (p = 0.043) and in zenith-impact differential (p = 0.048) significantly
strengthened the association between shoulder-rotator strength and serve speed. Conclusions:
Moderation analyses revealed that lower variability in impact height and in the zenith-impact
differential strengthened the relationship between shoulder strength and serve speed. These findings
suggest that training should emphasize toss consistency to maximize the translation of shoulder
rotation strength into serve speed.

Keywords: toss kinematics; biomechanics; isokinetic strength

1. Introduction

The tennis serve is a crucial component of competitive play, influencing match outcomes by
dictating point initiation, player dominance, and rally control [1-3]. Serve effectiveness is typically
assessed through speed and placement, as these factors determine an opponent’s ability to return the
ball successfully [4-8]. Elite male players consistently achieve serve speeds exceeding 200 km/h by
utilizing an optimized kinetic chain, in which force is sequentially transferred from the lower limbs
through the trunk and upper extremity to the racket head [9,10]. Disruptions in this coordinated
sequence, including inconsistencies in ball toss execution, may necessitate compensatory movements
that can negatively affect power transfer and accuracy [11-14]. Therefore, understanding the factors
contributing to serve performance is essential for advancing biomechanical knowledge and guiding
evidence-based training approaches.

A stable and precise ball toss is essential for serve consistency, as it directly influences both
power generation and shot accuracy [15-17]. Key biomechanical factors such as initial toss position,
toss height, and overall repeatability determine whether a player can achieve an optimal impact point,
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ensuring effective timing and kinetic efficiency during ball contact [5,16]. Variability in toss
placement may introduce disruptions in force application, requiring last-moment kinematic
adjustments in the shoulder, elbow, and wrist, which can reduce energy efficiency and increase the
likelihood of unforced errors [17]. These challenges are particularly pronounced in junior players,
who tend to exhibit greater variability in toss execution [18], potentially affecting serve accuracy,
velocity, and overall performance consistency [19,20]. Consequently, identifying specific toss-related
metrics linked to successful serving can provide targeted feedback and drill design strategies for
coaches working with developing tennis players.

One promising biomechanical metric from conducted studies is the vertical distance between
the toss peak height (ball zenith or zenith height) and the ball’s position at impact (ball impact or
impact height). This metric, termed the "zenith-impact differential,” reflects the player's ability to
initiate and effectively time the kinetic chain [21-23]. Greater discrepancies between toss ball zenith
and ball impact height may reflect suboptimal temporal coordination or compensatory joint
kinematics [24], particularly involving the shoulder and trunk [25,26]. Existing findings are derived
from professional female players; hence, further investigation is needed across other populations,
such as junior athletes, and into contributing variables. Consequently, the ball impact and zenith-
impact differential represent a critical area that may yield deeper technical insights. Although toss
quality is consistently associated with serve outcomes [25]. The mediational role of impact height,
specifically its connection to strength and performance, remains untested. Given that serve
performance is also influenced by upper limb strength, particularly shoulder rotator function,
examining how the strength parameters interact with kinematic variables is essential.

Previous research has established a significant positive correlation between concentric isokinetic
shoulder rotation strength [12,27,28], particularly at 210°/s, and serve speed in junior tennis players
[29]. Anthropometric characteristics such as player height, total body mass, and limb length have also
been shown to correlate with serve velocity due to biomechanical advantages related to leverage and
force production capabilities [9,30]. Specifically, previous findings have indicated that increased
upper limb muscle mass significantly facilitates force transfer during the serve motion [29,31].
Building on this established relationship, the present study examines how shoulder rotator strength
translates through kinematic parameters, specifically whether impact height mediates this
relationship. Understanding these interdependencies may provide a more transparent biomechanical
framework for how strength relates to serve performance and informed targeted training strategies
for junior tennis players.

Finally, serve speed and accuracy are key performance indicators in tennis. High serve speed
can effectively limit an opponent's ability to return [32], whereas accuracy in hitting defined target
zones is equally essential for success. Stable impact height has been linked to improvements in both
serve speed and accuracy [22,25,32], yet empirical validation of these relationships in junior players
remains scarce. The present study examines the relationships among toss characteristics, specifically
zenith height, impact height, and their differential, serve accuracy, serve speed, and isokinetic
shoulder strength variables in junior tennis players. It also investigates whether kinematic variables
mediate the relationship between shoulder rotator strength and serve speed, and whether potential
moderating effects are present. Based on prior evidence, we hypothesize that impact height will
mediate the positive relationship between internal shoulder-rotator strength and serve speed in
junior tennis players. Furthermore, toss-execution consistency (lower SD of impact height and
zenith-impact differential) will moderate the strength—speed relationship such that the positive
strength—speed slope is stronger when toss variability is low.
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2. Materials and Methods
2.1. Study Design

We conducted a cross-sectional observational study extending our prior work [29] by integrating
kinematic analysis of the tennis serve with isokinetic shoulder strength testing. The testing protocol
comprised two sessions conducted 24 hours apart (Figure 1). Session one included isokinetic shoulder
strength testing, and Session two comprised kinematic analysis of the serve and serve speed
assessment. The study was approved by the Faculty of Physical Education and Sport Ethics
Committee at Charles University (No. 243/2020) and conducted in accordance with the Declaration
of Helsinki. Written informed consent was obtained from all participants and their legal guardians.

2.2. Participants

The study sample comprised thirteen nationally ranked male junior tennis players (mean + SD:
age 15.8 £ 0.9 years; height: 181 + 7 cm; body mass: 65.9 + 5 kg; body fat: 17.5 + 2.2%, eleven right-
handed and two left-handed junior tennis players). Body fat percentage was assessed using dual-
energy X-ray absorptiometry. The participants in this study were nationally ranked Czech junior
tennis players and were actively competing on both national and International Tennis Federation
(ITF, ranking 400-800) junior circuits. All players trained approximately five times per week,
combining technical, tactical, and physical conditioning sessions at recognized tennis clubs affiliated
with national youth sports development programs. Their competitive backgrounds included 8-12
years of training and regular participation in national and ITF junior events. All participants
completed one standardized familiarization session with the serve protocol and isokinetic strength
protocol prior to testing. Inclusion criteria required participants to be free from performance-limiting
injuries or musculoskeletal conditions for at least three months prior to testing.

2.3. Testing Protocol

The testing protocol comprised two separate sessions conducted 24 hours apart (Figure 1) during
the competitive off-season period. Session one involved isokinetic strength testing of the dominant
arm using a dynamometer (Humac Norm; CSMi, Stoughton, MA, USA) at two angular velocities:
210°/s and 300°/s. Participants performed three maximal-effort repetitions of 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) was randomized to minimize order effects.
All measurements were conducted under standardized indoor conditions at a controlled temperature
of 22 +1 °C. Session two consisted of kinematic analysis and serve speed measurement. Participants
completed a standardized 15-minute dynamic warm-up (see Section 2.4.2 for details), followed by
two sets of 20 maximal-effort flat serves toward a defined target area (1 x 2 m) on the deuce side of
the court. Serve speed was measured using a calibrated radar gun (Stalker Pro II, Applied Concepts
Inc., Richardson, TX, USA) positioned on the baseline with the ball’s trajectory. Kinematic data were
collected simultaneously using a calibrated six-camera motion capture system (Qualisys AB,
Gothenburg, Sweden) operating at 200 Hz. Both sessions were designed to ensure participant safety,
measurement consistency, and data reliability.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.2183.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 September 2025 d0i:10.20944/preprints202509.2183.v1

4 of 17

TENNIS SERVE

Warm-up
20 + 20 maximal-effort

ISOKINETIC TESTING [ flat serves

Warm-up; 3 maximal-effort ‘ Raday gun Target area

. . " . 1 x 2 meters
/;;Internal concentric/eccentric ! )? :

-

210°/sé=Randomized ord&=3300°s |
\ - - .

S

\
“External concentric/eccentric

1 OURS J
SESSION 1 """ SESSION 2

Figure 1. Overview of the testing protocol.

2.4. Instruments

This section details the methods and instruments used to measure the isokinetic strength of the
shoulder rotators, tennis serve speed, and kinematic variables (zenith height and impact height) in
the order in which they were conducted.

2.4.1. Isokinetic Strength Testing of the Shoulder

Isokinetic shoulder strength was assessed using a standard dynamometer (Humac Norm; CSMj,
Stoughton, MA, USA) to measure concentric and eccentric internal and external rotations of the
dominant (serving) shoulder [33]. Tests were conducted at angular velocities of 210°/s and 300°/s to
evaluate peak torque, as these speeds reflect the predominant high-speed muscular contractions
characteristic of tennis [27,28,34]. The dynamometer was calibrated at the beginning of each testing
day according to the manufacturer’s guidelines to ensure accurate and reliable measurements.
Gravity correction was performed prior to each set according to the manufacturer’s guidelines.

Prior to testing, participants completed a comprehensive warm-up to promote muscle readiness and
reduce injury risk. This included 5 minutes of general aerobic activity (light jogging with leg swings, arm
circles, and trunk rotations), followed by 5 minutes of shoulder-specific movements (low-resistance
internal and external rotations at 90° shoulder abduction, 3 x 10 repetitions each, using elastic resistance
bands) to prepare the rotator muscles for high-speed contractions [35]. Participants were positioned
supine with the shoulder joint aligned with the dynamometer’s axis of rotation, the arm abducted to 90°,
and the elbow flexed at 90°. The shoulder was stabilized with custom-made humeral support to ensure
reproducibility and reduce trunk motion. This testing position offered both stability and functional
relevance, closely resembling the arm position during the tennis serve [27]. The range of motion was
individualized, set to 90% of each participant’s maximum external rotation and 65% of their maximum
internal rotation, determined during a pre-test assessment to ensure safety while mimicking functional
serving mechanics. Each participant performed three consecutive maximal voluntary contractions for
both concentric and eccentric muscle actions at each angular velocity, with a 90-second rest between tests
at different velocities to minimize fatigue. All tests were supervised by a physiotherapist, who ensured
proper technique, alignment, and maximal effort, and who instructed participants to avoid compensatory
movements (excessive trunk rotation or shoulder elevation) that could compromise measurement
validity. The order of testing (angular velocity and internal vs. external rotation) was randomized to avoid
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order effects. For each condition, the mean of the peak torque from the three maximal repetitions was
calculated and used for statistical analysis.

2.4.2. Serve Speed and Kinematic Variables

Following a standardized 15-minute dynamic warm-up, participants performed the serving
protocol. The warm-up aimed to optimize neuromuscular readiness and reduce the risk of acute
shoulder injury and consisted of 5 minutes of light aerobic activity (jogging) with dynamic lower-
body movements (calf raises, hip hinges, lunges, squats, multidirectional hopping), followed by 10
minutes of upper-body activation targeting the glenohumeral and scapular stabilizers. Resistance
band exercises included external and internal rotations at 90° shoulder abductions (3 x 10 repetitions),
scapular retractions (3 x 10 reps), and diagonal patterns (3 x 10 reps per arm). To ensure familiarity
with the procedure and minimize learning effects, each participant completed five submaximal
serves toward the designated target zone prior to testing. The experimental protocol consisted of two
series of 20 maximal-effort flat serves, delivered toward the deuce side of the court (right-handed
perspective) in accordance with ITF rules. Each series was separated by a 3-minute passive rest and
subdivided into four sets of five serves with 30-second rests to reduce fatigue accumulation. Verbal
cues emphasized maximal power generation and directional control.

Serve speed was measured using a calibrated radar gun (Stalker Pro II, Applied Concepts Inc.,
Richardson, TX, USA) positioned on the opposite baseline from the serve side at a height of 1.5 m,
directly aligned with the ball trajectory. The target zone was a 1 x 2 m rectangle located 1 m laterally
from the center service line and extending 2 m toward the net from the service line, marked with
white floor tape. From the 40 recorded serves, the first 10 successful serves (landing within the target
zone) and the first 10 unsuccessful serves (landing outside or into the net) were analyzed to enable
direct comparison between effective and ineffective executions.

Kinematic data were collected using a calibrated six-camera three-dimensional motion capture
system (Qualisys AB, Gothenburg, Sweden) operating at 200 Hz. Calibration included L-frame spatial
calibration and static marker set registration prior to each session. Reflective markers were placed at
key equipment landmarks: three small circular patches cut from reflective tape were attached to the
tennis ball (lightweight and symmetrically distributed to ensure constant visibility during ball
rotation while adding negligible mass), and four markers on the racket (tip of the head, each lateral
side of the frame, and base of the handle). These facilitated the computation of zenith height, impact
height, and zenith—-impact differential. The origin of the coordinate system was defined by the marker
placed on the dorsal aspect of the fifth metatarsal of the lead foot. All testing was supervised by a
three-member research team: one operated the radar gun and provided verbal serve speed feedback,
one logged serve outcomes and marker visibility, and one fed balls and monitored rule compliance.

2.5. Data Collection

Primary outcome variables included peak torque values (Nm) for concentric and eccentric
internal and external shoulder rotations at angular velocities of 210°/s and 300°/s, obtained from the
isokinetic dynamometer. For each condition, the mean peak torque from three maximal trials was
calculated and used in subsequent analyses. Serve speed (km/h) was calculated as the mean of the
first 10 successful serves (landing within the target zone) and the mean of the first 10 unsuccessful
serves (landing outside the target zone or into the net) from each participant. This selection was made
to standardize comparisons while minimizing potential effects of fatigue across the 40 recorded
serves. Kinematic variables were extracted from three-dimensional motion capture data processed in
Qualisys Track Manager (QTM, Qualisys AB, Gothenburg, Sweden). Zenith height was defined as
the maximum vertical position (m) of the ball marker during the toss phase, and impact height as the
vertical position (m) of the ball marker at the instant of first contact with the racket, identified from
synchronized kinematic data. For sensitivity analysis, a normalized impact height was also calculated
as impact height normalized = Impact height/height. The zenith-impact differential (m) was
computed as the vertical distance between zenith height and impact height. The motion capture
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system had a spatial accuracy of +#1 mm, and all vertical measurements were referenced to the
laboratory coordinate system defined during spatial calibration. All data were time-synchronized,
and mean values for each participant were used for statistical analysis.

2.6. Statistical Analysis

All 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). Prior to inferential analyses, data distributions were examined for normality using the
Shapiro-Wilk test. Given the limited sample size (n = 13) and observed deviations from normality in
some variables, bivariate associations were consistently evaluated using Spearman’s rank-order
correlation (), with corresponding p-values reported. Correlation analyses assessed the relationships
between serve speed (successful and unsuccessful trials), isokinetic shoulder strength (mean peak
torque at 210°/s and 300°/s, concentric and eccentric actions), and kinematic variables (zenith height,
impact height, zenith—impact differential). Scatter plots with regression lines and 95% confidence
bands were generated to aid interpretation.

To address the main hypotheses, three mediation models were tested to evaluate whether
kinematic variables mediated the relationship between shoulder internal rotation strength and serve
speed: (1) zenith height as mediator, (2) impact height as mediator, and (3) zenith-impact differential
as mediator. Analyses were conducted using the PROCESS macro for SPSS (Model 4.3) with bias-
corrected bootstrapping (1000 samples) to generate 95% confidence intervals for indirect effects [36].
In additional analysis, players' height was included as a covariate to control for anthropometric
differences. All variables were standardized prior to mediation to facilitate effect size interpretation.
Moderation analyses were conducted to examine whether toss consistency (standard deviation of
zenith height, impact height, or zenith-impact differential) moderated the relationship between
shoulder strength and serve speed. The PROCESS macro was used to test interaction terms (shoulder
strength x toss variability). Significant interactions were probed with simple slopes analysis at +1 SD
of the moderator. No correction for multiple testing was applied, as the analyses were hypothesis-
driven and involved a small number of planned contrasts.

Due to the limited sample size (n =13), we conducted a sensitivity power analysis using G*Power
(version 3.1.9.7) for all planned tests. In the case of (Exact) bi-variate correlations, with o =0.05 and 3
=0.20 (80% power) for a two-tailed test, the minimum detectable effect size was o > 0.69. Thus, only
correlations at or above this magnitude could be reliably detected in the present sample.

3. Results

Descriptive statistics for all key variables are summarized in Table 1. On average, successful
serves reached 162.65 + 8.03 km/h, while unsuccessful serves reached 161.16 + 7.70 km/h. Mean zenith
height was 3.404 + 0.243 m for successful and 3.397 + 0.253 m for unsuccessful serves (A~0.007 m).
Mean impact height was 2.680 + 0.128 m (successful) and 2.677 + 0.116 m (unsuccessful), and the
zenith-impact differential averaged 0.724 + 0.189 m and 0.720 + 0.190 m, respectively, indicating only
minimal between-condition differences.

Table 1. The performance of kinematic variables, isokinetic net moment, and serve speed.

Variables Mean SD CI Low-Up SW

Zenith height — successful serve (m) 3.404 0.24 3.257—3.550 0.84

Zenith height — unsuccessful serve (m) 3.397 0.25 3.244—3.549 0.77
Impact height — successful serve (m) 2.680 0.13 2.602—2.757 0.10
Impact height — unsuccessful serve (m) 2.677 0.12 2.607 —2.747 0.58
Zenith-impact differential — successful serve (m) 0.724 0.19 0.61—0.84 0.81
Zenith-impact differential — unsuccessful serve (m) 0.720 0.19 0.61—0.83 0.66
Serve Speed — successful serve (km/h) 163 8 158—167 0.03

Serve Speed — unsuccessful serve (km/h) 161 8 157 —166 0.01
Internal Shoulder Rotation Con (210°/s, Nm) 31.9 7.4 27.5—36.4 0.53
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External Shoulder Rotation Con (210°/s, Nm) 21.0 4.5 18.3—23.8 0.82
Internal Shoulder Rotation Ecc (210°/s, Nm) 38.5 8.7 33—43.7 0.47
External Shoulder Rotation Ecc (210°/s, Nm) 32.2 7.9 27.4—37 0.10
Internal Shoulder Rotation Ecc (300°/s, Nm) 33.2 6.0 29.6—36.8 0.17
External Shoulder Rotation Ecc (300°/s, Nm) 30.1 5.4 26.8—33.4 0.55
Internal Shoulder Rotation Con (300°/s, Nm) 29.0 7.2 24.7—33.3 0.99
External Shoulder Rotation Con (300°/s, Nm) 20.8 4.0 18.4—23.2 1.00

Abbreviations: CI—95% confidence interval; SD—standard deviation; SW—p value Shapiro-Wilk test; Con—

concentric; Ecc—eccentric.

3.1. Correlation Analysis Between Kinematics Variables and Isokinetic Strength or Serve Speed

Since several variables deviated from normality (Shapiro-Wilk), Spearman’s ¢ was used for
bivariate associations. For successful serves, impact height showed a strong positive association with
serve speed (0 =0.746, p =0.003, n = 13; Table 2). When impact height was normalized to player height
(impact height/height), this association remained significant (o = 0.627, p = 0.022, n = 13), indicating
that the relationship is not solely driven by anthropometric differences. In contrast, zenith height (o
= 0.289, p = 0.338) and the zenith-impact differential (0 = -0.217, p = 0.476) were not significant.
Correlations between isokinetic strength and serve speed were non-significant (all p > 0.094).

Table 2. Spearman’s coefficients between kinematics variables and isokinetic strength or serve speed in

successful serves.

Zenith-impact diff. - suc.

Zenith - suc. (m) Impact - suc. (m)
(m)
Variables 0 p 0 p 0 p
Internal Shoulder Rotation Con (210°/s) -0.038 0.901 0.445 0.128 -0.324 0.280
External Shoulder Rotation Con (210°/s) 0.198 0.517 0.456 0.117 -0.110 0.721
Internal Shoulder Rotation Ecc (210°/s) -0.170 0.578 0.434 0.138 -0.434 0.138
External Shoulder Rotation Ecc (210°/s) 0.005 0.986 0.203 0.505 -0.088 0.775
Internal Shoulder Rotation Ecc (300°/s) 0.077 0.803 0.335 0.263 -0.099 0.748
External Shoulder Rotation Ecc (300°/s) -0.176 0.566 0.231 0.448 -0.396 0.181
Internal Shoulder Rotation Con (300°/s) -0.203 0.505 0.390 0.188 -0.434 0.138
External Shoulder Rotation Con (300°/s) 0.044 0.887 0.511 0.074 -0.324 0.280
Serve Speed — successful serve (km/h) 0.289 0.338 0.746% 0.003 -0.217 0.476

Abbreviations: 9—Spearman’s correlation coefficient; * ¢ = 0.69; Con—concentric; Ecc—eccentric; suc.—

successful serve, diff —differential.

The same pattern emerged for kinematic variables in unsuccessful serves. Impact height correlated
positively and significantly with serve speed (o = 0.776, p = 0.002; Table 3). When impact height was
normalized to player height (impact height/height), the association weakened and did not reach
significance (0 =0.518, p=0.070, n=13), suggesting that part of the raw relationship is attributable to body
height. In contrast, zenith height (o = 0.269, p = 0.375) and the zenith-impact differential (o = -0.030, p =
0.921) were non-significant. Two strength variables showed significant positive associations with serve
speed: internal rotation eccentric 210°/s (o = 0.615, p = 0.025) and external rotation eccentric 300°/s (o =
0.601, p=0.030); all other strength—speed correlations were non-significant.

Table 3. Spearman’s coefficients between kinematics variables and isokinetic strength, serve speed in

unsuccessful serves.

Zenith - unsuc. (m)  Impact — unsuc. (m) Zenith-impact diff. -

unsuc. (m)
Variables 0 p 0 p 0 p
Internal Shoulder Rotation Con (210°/s) -0.071 0.817 0.231 0.448 -0.247 0.415
External Shoulder Rotation Con (210°/s) 0.148 0.629 0.324 0.280 -0.060 0.845
Internal Shoulder Rotation Ecc (210°/s) -0.148 0.629 0.264 0.384 -0.264 0.384
External Shoulder Rotation Ecc (210°/s) -0.027 0.929 0.077 0.803 -0.016 0.957
Internal Shoulder Rotation Ecc (300°/s) 0.038 0.901 0.247 0.415 0.000 1.000
External Shoulder Rotation Ecc (300°/s) -0.181 0.553 0.176 0.566 -0.253 0.405
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Internal Shoulder Rotation Con (300°/s) -0.236 0.437 0.209 0.494 -0.385 0.194
External Shoulder Rotation Con (300°/s) -0.011 0.972 0.374 0.209 -0.269 0.374
Serve Speed — unsuccessful serve (km/h) 0.269 0.375 0.776** 0.002 -0.030 0.921

Abbreviations: g—Spearman’s correlation coefficient; **—0o > 0.69; Con—concentric; Ecc—eccentric; unsuc. —

unsuccessful serve, diff —differential.

Across both conditions, no isokinetic strength variable correlated significantly with any
kinematic variable (Tables 2 and 3). Overall, these findings indicate that impact height consistently
relates to serve speed, whereas shoulder-rotator strength shows limited direct associations with
kinematic variables. This pattern motivated the subsequent mediation and moderation analyses to
test whether kinematic variables, particularly impact height and their variability, act as a mechanistic
or conditional link between strength and serve speed.

3.2. Graphical Representation of the Results

Scatterplots (Figures 2 and 3) illustrate the association between serve speed and impact height.
In absolute terms (Figure 2), there is a clear positive linear relationship for both successful (Figure 2a)
and unsuccessful (Figure 2b) serves. The fitted OLS lines had similar positive slopes and comparable
fit (R?2 = 0.62 and 0.60, respectively). Note that OLS lines are descriptive; inference is based on
Spearman’s . This indicates that higher contact points are generally associated with faster serves,
irrespective of serve outcome. When impact height was normalized to player stature (Figure 3), the
same positive trend remained evident, suggesting that the relationship is not solely driven by
differences in body height. The correlations reported in Section 3.1 confirmed significant positive
associations for both absolute and relative impact height. Together, these analyses strengthen the
interpretation that contacting the ball higher relative to one’s body height is consistently linked with
greater serve velocity. Given the small sample (n = 13), the confidence bands are relatively wide, and
the relationships should be interpreted cautiously as associative, not causal.
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E 3 .
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(a) (b)

Figure 2. Relationship between serve speed and impact height: (a) successful; (b) unsuccessful serves. Each dot
represents a participant's mean (first 10 serves in the given category). The solid line shows the OLS linear fit +

95% CI. Note that OLS lines are descriptive; inference is based on Spearman’s .
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Figure 3. Relationship between serve speed and impact height (normalized): (a) successful; (b) unsuccessful
serves. Each dot represents a participant's mean (first 10 serves in the given category). The solid line shows the
OLS linear fit + 95% CI. Note that OLS lines are descriptive; inference is based on Spearman’s g.

Figure 4 presents the linear relationships between eccentric internal shoulder rotation strength
and impact height during successful serve attempts, evaluated at two angular velocities: 210°/s (left
panel) and 300°/s (right panel). In both conditions, the regression models indicate a positive
association, suggesting that players with greater eccentric shoulder strength tend to reach higher
impact points. Despite the positive slopes, the relatively low R2? values indicate weak linear
associations in both cases. These findings imply that while eccentric shoulder strength may support
higher impact contact positions, it alone cannot sufficiently explain this outcome.
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Figure 4. Relationship between eccentric internal shoulder rotation strength and impact height
during successful serves: (a) 210°/s; (b) 300°/s. Each dot represents a participant's mean (first 10 serves
in the given category). The solid line shows the OLS linear fit + 95% CI. Note that OLS lines are
descriptive; inference is based on Spearman’s .

3.3. Mediation Analyses

To examine whether kinematic parameters transmit the association between strength and
performance, we specified three simple mediation models with internal shoulder rotation strength
(eccentric, 210°/s) as the predictor (X) and serve speed as the outcome (Y). Each model entered one
kinematic mediator (M) in turn: impact height, zenith height, or the zenith-impact differential. All
variables were standardized (B coefficients are directly comparable). Indirect effects (axb) were
estimated using bootstrap resampling (1,000 iterations; two-tailed 95% Cls). In the a-path notation,
“a” is the effect of X on M, “b” is the effect of M on Y controlling for X, and “c" is the direct effect of
Xon'Y controlling for M (Figure 5).
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Successful serves. In the model with impact height, the a-path was positive but non-significant
(B = 0.450, p = 0.123), whereas the b-path was positive and significant (8 = 0.699, p = 0.008). Thus,
players contacting the ball higher tended to achieve higher serve speeds even after accounting for
shoulder strength, but shoulder strength itself did not reliably predict impact height. The indirect
effect was axb = 0.315 with 95% CI [-0.083, 0.737] (bootstrap two-tailed p = 0.124), and the direct effect
¢’ was small and non-significant (8 = 0.193, p = 0.380). For the other mediators, indirect effects were
likewise non-significant: zenith height (a = -0.015; b = 0.397; axb = -0.006; 95% CI [-0.396, 0.334]) and
zenith—-impact differential (a =-0.324; b = 0.149; axb = -0.048; 95% CI [-0.234, 0.365]).

Unsuccessful serves. With impact height as mediator, coefficients were a = 0.331 and b = 0.654,
yielding an indirect effect axb = 0.217 with 95% CI [-0.173, 0.681] (non-significant); the direct effect ¢’
was positive but non-significant (f = 0.360). Mediation via zenith height and zenith-impact
differential was also non-significant.

Across models, none of the indirect-effect confidence intervals excluded zero, indicating that in
this sample the tested kinematic variables did not reliably mediate the strength—speed relationship.
Practically, although higher impact height is directly associated with greater serve speed (significant
b-path), internal eccentric shoulder rotator strength did not consistently lead to a higher impact
height (non-significant a-path). When players' height was added as a covariate, the indirect effect of
impact height remained non-significant and further attenuated (successful serves: f_indirect = 0.09;
unsuccessful serves: f_indirect = —0.03). Thus, no evidence of mediation was found even after
controlling players' height.

B= 0‘?'450 ”{M Impact height

p=0.123 -7
s

F
’
s

c
Internal_Shoulder B=0.193, p=0.380 Serve speed

RotatieniEce: possssmamsm—msnes
(successful)

X (210°/s)

Indirect effect (ax b): 0.315, 95% CI[-0.083, 0.737]
Bootstrap two-tailed p=0.124

Figure 5. Mediation model for successful serves (standardized coefficients). X = internal shoulder rotation
eccentric strength at 210°/s; M = impact height; Y = serve speed. Path “a” denotes the effect of X on M; path “b”

w111
C

denotes the effect of M on Y, controlling for X; path denotes the direct effect of X on Y, controlling for M.
Numbers shown next to paths are standardized  and two-tailed p values. The indirect effect (axb) was estimated
with bias-corrected bootstrap (1,000 resamples) and reported with 95% CI and two-tailed p; n=13. (Dashed arrows

indicate non-significant paths).

3.4. Moderation Analyses

We tested whether toss consistency moderates the association between internal shoulder
rotation strength (eccentric, 210°/s) and serve speed. Toss consistency was operationalized as the
standard deviation (SD) of impact height and the zenith-impact differential. All predictors were
standardized prior to model estimation; interaction terms were probed with simple slopes at +1 SD
of the moderator.

Successful serves. The interaction between strength and impact-height variability was
significant (B_int = -0.417, p = 0.043, R? = 0.551). Simple slopes showed a strong, positive strength—
speed association under low variability (-1 SD; g = 1.03, p = 0.015), but a weak, non-significant
association under high variability (+1 SD; = 0.19, p = 0.488). Likewise, the interaction with zenith-
impact differential variability was significant (f_int=-0.493, p =0.048, R?=0.533). Simple slopes again
indicated a robust positive association at low variability (-1 SD; = 1.22, p = 0.012) that attenuated at
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high variability (+1 SD; g = 0.24, p = 0.384). These patterns (Figure 6) indicate that greater toss
variability diminishes the extent to which shoulder-rotator strength translates into ball speed during
successful serves. Unsuccessful serves. No interaction terms reached significance (all p > 0.25),
suggesting that, for unsuccessful trials, toss variability did not materially alter the relation between
strength and serve speed.

The negative interaction coefficients (f_int < 0) consistently show that higher toss variability
weakens the otherwise positive link between internal eccentric rotation strength and serve speed.
Practically, consistent toss execution appears necessary for players to convert shoulder strength into
faster serves. Given the small sample size (n = 13), this moderation effect should be interpreted with
caution. Nevertheless, it is theoretically consistent and supported by the simple-slope pattern.

Impact Height Variability Zenith-Impact Differential Variability
180 180
___ Low Variability
Y=16178 + 838X

Lowi Variability
¥'=161.02 + 7.95X
High Variability High variability

175 Y=16596 + 141X - 175 ¥=163.91 + 213X

170

165

Serve Speed - Successful (km/h)

150 150

L I L I L L I . I s I L
30 35 40 45 50 55 30 35 40 45 50 55
Eccentric Internal Rotation Strength (210°/s) Eccentric Internal Rotation Strength (210%fs)

(@) (b)

Figure 6. Simple slopes of the relationship between eccentric internal shoulder-rotation strength (210°/s) and
serve speed at low (-1 SD) and high (+1 SD) levels of toss variability for successful serves: (a) Impact-height
variability; (b) Zenith—impact differential variability. Lines represent predicted values from OLS models with

standardized predictors.

4. Discussion

The present study extended prior work on shoulder rotation strength and serve speed
relationship in junior tennis players by adding toss-phase kinematics to the analysis [29]. Guided by
kinetic-chain models that emphasize sequential force transfer and timing over static positions [9,10],
and by reports linking toss quality to serve outcomes [15-17,25], we hypothesized that a higher
impact height and a smaller zenith-impact differential would benefit performance, with impact
height serving as a proximal biomechanical checkpoint. Our findings partially supported this
hypothesis: impact height showed a robust positive association with serve speed in both successful
and unsuccessful serves. This association remained significant when impact height was normalized
to the player's height for successful serves, indicating that the link is not purely anthropometric. For
unsuccessful serves, the effect weakened after normalization, supporting the importance of
consistency of execution. By contrast, zenith height and the zenith-impact differential were not
directly related to serve speed in this sample. In this respect, our data suggests that not all toss
kinematics contribute directly to serve speed in junior tennis players. A pattern that is broadly
consistent with observations in elite junior players reported no significant associations between these
kinematic variables and serve velocity [37], while partly diverging from those findings by showing
an impact height effect here. The primary hypothesis of mediation through impact height was not
supported. Instead, toss consistency was found to moderate the expression of shoulder strength in
serve speed.
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4.1. Association Between Kinematic Toss Variables and Shoulder Rotation Strength or Serve Speed

Correlation analyses provided further insights into the interplay between shoulder strength,
kinematic parameters, and serve speed. As expected, concentric internal rotation strength of the
dominant shoulder showed a positive correlation with serve speed across both angular velocities
tested (210°/s and 300°/s). This is consistent with prior reports of significantly greater dominant arm
internal rotation torque compared to the non-dominant arm in elite junior tennis players [27] .

Consistent with prior work on toss quality/consistency and contact-point characteristics [13,15-
17,25,32], impact height showed a positive association with serve speed for successful and
unsuccessful serves in our sample of junior tennis players. Because taller players tend to reach higher
contact points and serve faster [9,30], we checked that when the impact height was normalized to
players' height, the association remained significant for successful serves, indicating a technical
component beyond anthropometry. By contrast, zenith height and the zenith—-impact differential
were not significantly related to serve speed, and none of the kinematic variables showed a reliable
association with accuracy under the present binary definition (successful vs. unsuccessful). Taken
together, these results support the view that the location of ball-racket contact is determinant of
racket-head velocity, whereas toss geometry per se has limited predictive value unless integrated into
a well-timed kinetic sequence [3,23,24]. Finally, no isokinetic strength variable correlated with the
kinematic metrics (impact height, zenith height, and zenith-impact differential), suggesting that the
influence of shoulder-rotator strength on performance emerges through coordination and execution
consistency rather than through simple mapping onto contact geometry.

4.2. The Mediating Role of Impact Height

We originally posited impact height as a plausible biomechanical mediator transmitting the
effect of internal shoulder-rotator strength to serve speed, consistent with kinetic-chain accounts of
proximal-to-distal energy flow and with evidence that contact-point characteristics are closely tied to
serve outcomes [3,13,21,23,24,32]. In junior cohorts, higher impact height has been associated with
faster serve speed and related to strength capacities, particularly lower-limb power, supporting the
rationale for a strength—-impact height-serve speed pathway [38]. In our models, the b-path from
impact height to speed (controlling strength) was significant, but the a-path from strength to impact
height was not, yielding a non-significant indirect effect (axb). Thus, while a higher contact point was
directly associated with faster serves (and remained so when impact height was normalized to
players' height for successful serves, we did not find evidence that greater shoulder strength reliably
produces a higher impact point in this cohort. Mechanistically, this is coherent with the view that a
higher contact point reduces the need for compensatory trunk/arm adjustments and supports
coordinated timing within the kinetic chain [15,21,24], yet achieving that favorable contact still
depends on how the motion is organized rather than on isolated torque alone [3,23,24].

Importantly, the present findings suggest a shift in emphasis for practice: rather than focusing
on toss geometry in isolation, technical work should prioritize consistently attaining an efficient,
elevated impact point, the proximal determinant of racket-head speed, while strength and power
training are integrated to support that contact under repeatable timing [13,15,24,32]. In our data, this
integration is echoed by the moderation results. When toss-execution consistency is high (lower SD
of impact height or the zenith—-impact differential), the positive strength-speed slope is expressed.
Together, these patterns refine the mediation hypothesis that impact height matters for serve speed,
but in this sample, it did not mediate the strength—speed link. Rather, execution consistency appears
to be the conditional factor that allows shoulder-rotator strength to translate into faster serves.
Importantly, the mediation effect of impact height did not reach significance even when players'
height was statistically controlled. This suggests that the non-significant mediation was not an artifact
of anthropometric differences but rather reflects the limited contribution of impact height as an
intermediary between shoulder strength and serve speed in this junior cohort.
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4.3. Toss Execution Consistency as a Moderator

Moderation analyses showed that toss variability (operationalized as the SD of impact height
and of the zenith-impact differential across trials) significantly moderated the strength-speed
association for successful serves. Specifically, simple-slopes tests indicated a positive strength-speed
slope under low variability but a flat, non-significant slope under high variability. In practical terms,
greater toss consistency amplifies the translation of shoulder-rotator strength into ball speed, whereas
erratic kinematic execution dampens or nullifies this translation. This pattern aligns with work
linking toss consistency and contact-point control to serve outcomes and with kinetic-chain accounts
emphasizing that high racket-head speed emerges from repeatable timing and coordinated proximal-
to-distal sequencing, not from isolated torque alone [8,22]. These findings also help reconcile mixed
strength—speed correlations by indicating that strength is necessary but not sufficient: without stable
toss execution, its effect on speed can be attenuated [28]. Collectively, the moderation results
highlight toss-execution consistency as a conditional amplifier that enables available shoulder-rotator
strength to manifest as higher serve speed. In the context of junior tennis players, who often display
greater motor control variability, these results underscore the importance of stable toss mechanics in
realizing strength-based performance advantages.

4.4. Successful Versus Unsuccessful Serves

Across conditions, serve speed and impact height were nearly identical (successful vs.
unsuccessful: impact height = 2.680 m vs. 2.677 m), indicating that neither serve speed nor vertical
contact point alone discriminated serve outcome in this cohort. The only kinematic difference was a
slightly higher toss zenith in successful serves (= +0.7 cm on average), which yielded a trivially larger
zenith—-impact differential. Although some frameworks would predict that a smaller zenith-impact
gap reflects more efficient timing [15,25], the magnitude of the observed differences here was small,
suggesting that vertical geometry by itself is unlikely to determine success at this developmental
stage. Rather, success likely depends on how contact is organized in space and time (racket-face
orientation, lateral toss placement, and location-specific kinematics), factors not captured by our
vertical-only metrics [21,32]. This interpretation is consistent with evidence that toss consistency and
contact-point control relate to serve outcomes [15,21,25], and that spatial characteristics
(aiming/location patterns) contribute to success beyond ball speed per se [32]. Methodologically, our
binary accuracy definition (first 10 successful vs. first 10 unsuccessful serves) may also have limited
sensitivity relative to continuous placement error, and the predefined target zone could have
attenuated variance. Together with our moderation results, where toss-execution consistency
conditioned the translation of strength into speed for successful serves, these findings suggest that
precision and repeatability in temporal-spatial execution (not simply higher speed or higher contact)
are pivotal for converting physical capacity into successful serve outcomes in junior players
[3,21,24,32].

4.5. Practical Applications

Our results reinforce a kinetic-chain view of the serve, in which racket-head speed emerges from
repeatable, well-timed proximal-to-distal sequencing rather than from isolated joint torque [3,23,24].
The contact point (impact height) appears to be a proximal indicator of serve speed, whereas toss
geometry per se has limited predictive value unless it supports achieving a stable, elevated impact
height [13,15,21,25,32]. Finally, the observed moderation by toss-execution consistency indicates that
strength is necessary, but its effective translation into serve speed requires sufficient stability of the
technical execution. The translation of available shoulder-rotator strength into ball speed is amplified
when variability in impact height or the zenith-impact differential is low [4,11,22]. Coaching should
therefore pair shoulder rotation strength with contact-point stabilization (targeting a higher, more
repeatable impact height) and toss-consistency drills, aligning technical practice with the kinetic-
chain requirements for high-velocity serve. For monitoring, we recommend tracking impact height
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and variability of impact height and the zenith—-impact differential as actionable markers of technical
consistency and readiness to express strength in speed.

4.6. Limitations of the Study

This study has several limitations that should be considered when interpreting the findings.
First, the sample was small and homogeneous (n =13 nationally ranked junior males), which reduces
power. A priori sensitivity indicated that only relatively large correlations (o > 0.69) can be detected
with 80% power. Given the small sample (n = 13) and correspondingly wide ClIs, these mediation
findings should be interpreted cautiously and viewed as hypothesis-generating for larger studies.
Second, the design was cross-sectional. As such, the observed relationships cannot establish causality
(whether increases in strength lead to higher impact points or faster serves). Third, measurement
choices prioritize control over ecological validity. Isokinetic testing in a supine position with the
shoulder at 90° abduction (ROM set to 90% ER and 65% IR) and test velocities of 210°/s and 300°/s do
not replicate the ballistic, stretch—-shortening dynamics and joint angular velocities of a live serve.
Using the mean of three trials may also under-represent a player’s true peak capacity. Conversely,
our kinematic model focused on vertical metrics (zenith height, impact height, zenith-impact
differential). We did not quantify lateral/anterior—posterior toss displacement, time-to-impact, or
temporal coupling with segmental rotations. All variables that likely contribute to contact quality.
Motion capture at 200 Hz is adequate for toss but is near the lower bound for pinpointing impact
events; small timing errors could add noise to impact height estimates. Although the radar was
aligned with the ball trajectory, cosine error cannot be fully excluded. Fourth, operationalization of
performance may have constrained sensitivity. Accuracy was treated as binary (successful vs.
unsuccessful) within a predefined target zone. Continuous placement error might detect subtler
effects. We analyzed the first 10 successful and first 10 unsuccessful serves from 40 attempts. While
this standardized sample size across players, it may introduce selection/order effects and reduce the
amount of trial-level data available for estimating within-player variability. Fifth, confounding and
collinearity remain concerns. Body height correlates with impact height and serve speed, which can
inflate bivariate associations. We addressed this by reporting height-normalized impact height, but
residual confounding by other dimensions (e.g., limb segment lengths) is possible.

5. Conclusions

Impact height showed a robust positive association with serve speed. However, mediation of
the relationship between shoulder-rotator strength and serve speed via impact height was not
statistically supported, whereas toss-execution consistency significantly moderated this link (for
successful serves). Practically, training should focus on stabilizing and elevating the impact point and
reducing toss variability to better convert shoulder-rotator strength into ball speed.
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