
Citation: Brito, A.V.; Carvalho, D.D.;

Fonseca, P.; Monteiro, A.S.;

Fernandes, A.; Fernández-Fernández,

J.; Fernandes, R.J. Shoulder Torque

Production and Muscular Balance

after Long and Short Tennis Points.

Int. J. Environ. Res. Public Health 2022,

19, 15857. https://doi.org/

10.3390/ijerph192315857

Academic Editor: Paul B. Tchounwou

Received: 26 September 2022

Accepted: 25 November 2022

Published: 28 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

International  Journal  of

Environmental Research

and Public Health

Article

Shoulder Torque Production and Muscular Balance after Long
and Short Tennis Points
André V. Brito 1,* , Diogo D. Carvalho 1, Pedro Fonseca 1 , Ana S. Monteiro 1, Aléxia Fernandes 1 ,
Jaime Fernández-Fernández 2 and Ricardo J. Fernandes 1

1 Centre of Research, Education, Innovation and Intervention in Sport and Porto Biomechanics Laboratory,
Faculty of Sport, University of Porto, 4200-450 Porto, Portugal

2 Faculty of Physical Activity and Sports Sciences, Universidad de León, 24004 Leon, Spain
* Correspondence: up201902341@fade.up.pt

Abstract: Tennis is an asymmetric sport characterized by a systematic repetition of specific move-
ments that may cause disturbances in muscular strength, power, and torque. Thus, we assessed
(i) the torque, power, ratio production, and bilateral asymmetries in the shoulder’s external and
internal rotations at 90 and 180◦/s angular velocities, and (ii) the point duration influence of the
above-mentioned variables. Twenty competitive tennis players performed external and internal
shoulder rotations; an isokinetic evaluation was conducted of the dominant and non-dominant
upper limbs before and after five and ten forehands. A higher torque production in the shoulder’s
internal rotations at 90 and 180◦/s was observed for the dominant vs. non-dominant sides (e.g.,
63.1 ± 15.6 vs. 45.9 ± 9.8% and 62.5 ± 17.3 vs. 44.0 ± 12.6% of peak torque/body mass, p < 0.05).
The peak torque decreased only after ten forehands (38.3 ± 15.8 vs. 38.2 ± 15.8 and 39.3 ± 16.1
vs. 38.1 ± 15.6 Nm, respectively, p < 0.05), but without impacting speed or accuracy. Unilateral
systematic actions of tennis players caused contralateral asymmetries, evidencing the importance of
implementing compensatory training. The forehand kinematic assessment suggests that racket and
wrist amplitude, as well as speed, are important success determinants in tennis.

Keywords: evaluation and training control; biomechanics; physiology; strength; tennis

1. Introduction

Tennis is an intermittent high-intensity sport that has become faster over the years,
with points (composed of four or five shots) lasting ~8 s followed by 10–25 s of recovery [1].
Depending on the tournament type (the best of three or five sets), a tennis game typically
lasts 1–5 h with 20–30% of effective playing time [2,3]. The forehand, similar to the
serve, accounts for >25% compared to other common tennis actions (e.g., the backhand
and the volley), and consists of preparation, acceleration, impact, and finish phases [4].
Biomechanically, the forehand depends, predominantly, on the shoulder’s internal rotation
and on its horizontal flexion and abduction, which is essential to efficient execution [5].
If consistent and powerful, it significantly influences the game; thus, it is considered a
predictor of victory or defeat [6].

Ball speed is one of the most important tennis performance determinants since it
reduces the time for the opponent to prepare and perform his/her action [6]. Nowadays,
tennis players hit the ball at a much higher racket speed (leading to increased ball speed),
which makes this aspect a major training goal [7]. Ball speed is associated with maxi-
mum dynamic force and power generated through a specific kinetic chain [8], specifically
through the erector spinae, latissimus dorsi, triceps brachii, pectoralis major, and extensor
carpi radialis muscle activation [9,10]. Another key performance factor in tennis is ball
accuracy [10], which, together with the appropriate ball speed, can determine the success
of a point, distinguishing more experienced players from lower-level players [6].
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The shoulder rotator cuff strength and torque, as well as the range of motion, are
essential to dynamically stabilizing this joint and increasing the ball speed [11–13]. Joint
stabilization is affected by different factors (e.g., neuromuscular fatigue [14]) and it evi-
dences a decrease in muscle strength or power capacity when it is not perfect [8], meaning
that increased shoulder stability allows the sustenance of power production throughout
the game [15]. Therefore, the lack of power and/or accuracy in the upper limb actions, due
to peripheral fatigue (which might lead to a performance decrease [16]), is a relevant tennis
research topic. In fact, some tennis-related studies have focused on performance decreases
(connected with the serve, groundstroke accuracy, and velocity) and electromyographic
changes associated with fatigue [17–19].

Inter-limb asymmetry is also a very important issue in tennis, specifically when re-
ferring to performance or functional differences between limbs [20]. These dissimilarities
may be due to asymmetric motor demands throughout the game, resulting in functional
asymmetric adaptions (e.g., greater muscle mass in the dominant upper limb [21,22] and
unbalanced external/internal rotation ratios [23]). Furthermore, larger inter-limb asymme-
try, i.e., shoulder external/internal rotation ratios outside of 66–75% or bilateral differences
above 10–15%, may increase the risk of non-traumatic injuries for players [11,24]. These
injuries are caused by concurrent training and competition workloads [25], altering the
shoulder’s range of motion, and imbalanced muscle strength [26,27]. Even though isoki-
netic evaluations are mainly used in clinical contexts [13,28], they can assess the muscle
torque, power, and ratio of an isolated joint [29], particularly in tennis, which has a high
rate of shoulder, elbow, and wrist chronic injuries [30].

Scientific literature studies related to shoulder strength and the power assessment of
the isokinetic dynamometer are available, but are limited in regard to tennis practice and
match moments (i.e., on the tennis court). So, the objectives of this current study are to
(i) characterize the production of torque, ratio, and bilateral asymmetries in the shoul-
der’s external and internal rotations; (ii) analyze the influence of point duration (five vs.
ten forehand actions) in the above-referred variables, and (iii) assess the player’s forehand
kinematics, ball speed, and accuracy. It was hypothesized that (i) a player’s dominant
upper limb would present higher torque and power than a non-dominant limb; (ii) the
torque and power production would decrease after performing five and ten forehands;
(iii) the fatigue generated by the forehand actions would lead to a decrease in the shoulder
internal rotation torque and power, balancing the external/internal rotation ratios; and
finally (iv) ball speed and accuracy would decrease, and racket horizontal displacement
velocity would increase, from five to ten forehands.

2. Materials and Methods
2.1. Participants

Fifteen male and five female competitive tennis players voluntarily participated in
the current study (their general and specific characteristics are described in Table 1). All
players were healthy, had no previous injuries, competed at national and international
levels, and were positioned in the best national rankings of their age groups. Players were
informed about the experimental procedures and possible risks involved and signed (or
their respective parents signed) a consent form to participate. The host’s faculty ethics
committee approved the study design, and the experimental protocol was conducted in
accordance with the Declaration of Helsinki.



Int. J. Environ. Res. Public Health 2022, 19, 15857 3 of 13

Table 1. Mean (SD) values of age, training background, and main anthropometric characteristics.

Variables Male Female Total

Age (years) 20.1 (5.4) * 14.4 (0.5) 18.7 (5.3)
Training frequency (sessions/week) 5.1 (1.5) 5.0 (0.0) 5.1 (1.3)

Training volume (h/week) 10.7 (2.7) 10.0 (0.0) 10.5 (2.4)
Height (cm) 177.2 (8.2) 161.7 (4.4) 173.7 (10.0)

Body mass (kg) 67.0 (10.8) * 48.9 (4.3) 62.5 (11.7)
Body mass index (kg/m2) 21.3 (2.0) * 18.7 (1.2) 20.6 (2.2)
Biacromial breadth (cm) 39.2 (2.9) * 35.4 (1.6) 38.3 (3.1)

Bicristal breadth (cm) 27.2 (1.9) * 24.3 (1.3) 26.5 (2.2)
Humeral breadth (cm) 6.6 (0.3) * 6.0 (0.5) 6.5 (0.4)

Wrist breadth (cm) 5.4 (0.2) * 4.8 (0.3) 5.2 (0.3)
Palmar transverse breadth (cm) 20.6 (3.5) 19.8 (1.5) 20.4 (3.1)

Palmar longitudinal breadth (cm) 19.4 (1.3) * 17.9 (0.6) 19.1 (1.3)
Stretched arm circumference (cm) 30.3 (3.2) * 24.8 (0.7) 28.9 (3.7)
Relaxed arm circumference (cm) 28.6 (2.8) * 23.8 (0.7) 27.4 (3.2)

Forearm circumference (cm) 25.8 (2.2) * 22.5 (1.5) 25.0 (2.5)
Upper arm length (cm) 57.2 (2.4) * 50.9 (1.9) 55.7 (6.2)
Upper arm length (cm) 26.6 (3.4) * 23.5 (0.7) 25.9 (3.3)

Arm length (cm) 30.2 (1.9) 28.8 (1.4) 29.9 (1.9)
Bicipital folds (mm) 5.5 (1.5) * 6.8 (1.6) 5.5 (1.7)
Tricipital folds (mm) 10.2 (3.5) * 13.4 (1.7) 11.0 (3.4)

* Differences between male and female players.

2.2. Experimental Moments

The experiments described in Figure 1 were completed without vigorous efforts in the
prior 24 h. In the first moment, we conducted a general anthropometric characterization
using an adipometer (Holtain Skinfold Caliper, UK), a metric tape (Sanny, Brazil), a sta-
diometer (Seca 222, Belgium), and a body composition (InBody 120, Korea) in accordance
with the recommendations of the International Society for the Advancement of Kinanthro-
pometry (ISAK). Then, players executed a standardized warm-up consisting of 5 min of
elastics exercises and 10 min of dynamic stretching [31]. Five submaximal shoulder rota-
tions in an isokinetic dynamometer (Biodex System 4, Biodex Medical Systems, NY, USA)
were performed for familiarization, and immediately, ten shoulder external and internal
rotations of the dominant and non-dominant upper limbs were performed at 90 and 180◦/s
(with 3 min intervals between test velocities; Figure 2) [32]. These evaluations allowed us to
obtain the isokinetic variables (e.g., torque) for each experimental condition. The following
equation allowed for determining the peak torque symmetry index [33]:

SI (%) =
(dominant − nondominant)

0.5 ∗ (dominant + nondominant)
∗100 (1)

In the second and third moments (48 h apart), players performed, in a randomized
order, five and ten forehands on the court, simulating a short and long point, respectively.
Before and after the court test, players executed ten shoulder external and internal rotations
of the dominant and non-dominant upper limbs only at 180◦/s (the nearest angular velocity
to the forehand made on the court). As described in Figure 3, players were positioned
behind the baseline and performed the forehands as fast as possible, in square stance
positions, into a 3.0 × 4.5 m area, after five minutes of court warm-ups. New tennis balls
(Wilson US-Open, Chicago, IL, USA) were launched through a ball machine (Slinger bag,
Windsor Mill, MD, USA) at a 20 m·s−1 constant speed [34] and a radar (Stalker Radar Pro
II, Richardson, TX, USA) measured the forehand ball speed. The forehand kinematics (e.g.,
body angles) were recorded at 240 Hz by a calibrated video camera (Go-Pro Hero 7, San
Mateo, CA, USA), using anatomical body markers (i.e., wrist, hip, and shoulder) [35]. A
video camera with the same characteristics was used to accurately analyze; 0, 1, or 2 points
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were given when the ball did not enter the area, entered the large area, or entered the small
area, respectively [34].
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2.3. Statistical Analysis

Descriptive statistics are presented as the means and standard deviations (SD), and
data normality and variance equality were checked through the Shapiro–Wilk test. A t-test
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of independent measures was applied to compare the general characteristics of the male
and female players, and a t-test of repeated measures was used to compare dominant and
non-dominant upper limbs regarding the dynamometric and kinematic variables. The
effect size (Cohen’s d) was calculated to communicate the significance of the practical
results (small effect size = 0.2; moderate effect size = 0.5 and large effect size = 0.8) and the
Pearson correlation was used to analyze the connections between the studied variables.
Statistical analyses were carried out using SPSS (SPSS 27.0 version, Chicago, IL, USA) and
an α = 0.05 significance level was accepted.

3. Results

Table 2 displays the isokinetic variable values of the shoulder’s external and internal
rotations at 90 and 180◦/s of the first experimental moment. We observed a higher peak
torque, average power, total work, and maximal repetition of total work, as well as lower
external/internal rotation ratios, in the dominant upper limb’s internal rotation. Moreover,
a higher peak torque and average power were present at 90◦/s, while a higher average peak
torque was observed at 180◦/s in the dominant upper limb external rotation. Additionally,
total work, maximal repetition total work, range of motion, average power at 90 and 180◦/s,
and average peak torque at 90◦/s values were similar between dominant and non-dominant
upper limb external rotations. Lastly, tennis players showed a higher peak torque and total
work at 90◦/s as well as a higher average power at 180◦/s.

Table 2. Mean (SD) values of torque, power, total work, range of motion, and internal/external
rotations (IR and ER) ratios at 90 and 180◦/s angular velocities in the dominant and non-dominant
upper limbs.

Variables Dominant Upper Limb Non-Dominant Upper Limb t Test Cohen’s dt ρ

90◦/s angular velocity
Peak torque (N.m) ER 21.9 (6.6) 20.2 (6.3) 2.56 0.01 * 0.57

IR 40.0 (14.9) 29.1 (10.1) 6.45 0.00 * 1.44
Peak torque/body weight (%) ER 34.9 (6.1) 32.1 (5.9) 2.83 0.01 * 0.63

IR 63.1 (15.6) 45.9 (9.8) 7.28 0.00 * 1.63

Total work (J) ER 263.2 (84.7) 243.3 (88.0) 1.38 0.18 0.30
IR 541.6 (224.9) 390.2 (143.2) 4.74 0.00 * 1.06

Maximal repetition total work (J) ER 30.3 (9.6) 27.3 (9.4) 1.88 0.07 0.42
IR 62.3 (23.0) 44.6 (15.3) 5.30 0.00 * 1.18

Average power (W) ER 18.3 (6.5) 17.0 (7.1) 1.40 0.00 * 0.31
IR 37.4 (7.1) 27.0 (11.6) 5.26 0.00 * 1.17

Average peak torque (N.m) ER 19.1 (5.9) 18.0 (6.3) 1.49 0.15 0.33
IR 35.3 (14.5) 25.8 (9.7) 5.78 0.00 * 1.29

Range of motion (◦) 121.2 (11.9) 120.7 (12.8) 0.24 0.80 0.05
External/internal rotation ratios (%) 57.7 (13.2) 70.9 (10.6) −5.26 0.00 * 1.17

180º/s angular velocity
Peak torque (N.m) ER 21.4 (7.9) 19.1 (6.8) 2.15 0.04 * 0.48

IR 39.9 (16.4) 28.1 (11.5) 6.71 0.00 * 1.50
Peak torque/body weight (%) ER 33.7 (7.8) 29.9 (6.0) 2.45 0.02 * 0.55

IR 62.5 (17.3) 44.0 (12.6) 8.15 0.00 * 1.82

Total work (J) ER 219.8 (84.3) 193.6 (89.0) 2.07 0.05 0.46
IR 534.4 (244.5) 363.8 (161.3) 5.36 0.00 * 1.20

Maximal repetition total work (J) ER 25.1 (8.9) 23.0 (9.7) 1.46 0.15 0.32
IR 60.3 (25.4) 41.8 (17.7) 5.60 0.00 * 1.25

Average power (W) ER 25.4 (10.9) 22.4 (12.1) 1.90 0.07 0.42
IR 63.3 (33.2) 42.1 (22.2) 5.22 0.00 * 1.16

Average peak torque (N.m) ER 19.0 (7.0) 16.6 (6.4) 2.40 0.02 * 0.53
IR 36.2 (15.7) 25.1 (10.4) 6.24 0.00 * 1.39

Range of motion (◦) 122.5 (10.5) 124.1 (12.8) −0.99 0.33 0.22
External/internal rotation ratios (%) 56.7 (16.2) 70.6 (13.4) −5.90 0.00 * 1.32

* Differences between dominant and non-dominant upper limbs.

Table 3 shows the isokinetic variable values of the shoulder’s external and internal
rotations before and after the five and ten forehands. Tennis players showed a higher peak
torque, average power, and total work for the dominant upper limb when compared with
the non-dominant upper limb. After five forehands, the results showed a decrease in the
peak torque/body weight in the internal rotation and peak torque/body weight, total work,
and average power for external rotation of the dominant upper limb. After ten forehands,
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tennis players showed a decrease in the peak torque, peak torque/body weight, total work,
average power, and range of motion in the dominant upper limb and lower total work,
average power, average peak torque, and range of motion. However, a similar peak torque,
range of motion, and external/internal rotation ratios were registered for the dominant
upper limb. In addition, the tennis players presented a lower peak torque, total work, and
range of motion for the non-dominant upper limb after ten forehands.

Figure 4 shows the individual shoulder symmetry indexes: ten players evidenced
asymmetry (>10%) between dominant and non-dominant upper limb external rotations
and 19 players evidenced the same with internal rotation. Figure 5 represents those indexes
before and after five and ten forehands. After 5 forehands, 17 players showed asymmetry
between dominant and non-dominant upper limb external rotations and 18 players showed
the same in internal rotations (higher left and right panels, respectively). After 10 forehands,
17 players presented asymmetry between the dominant and non-dominant upper limbs in
the external rotation, and 18 players presented in the internal rotation (lower left and right
panels, respectively). Finally, we observed that in the second and third moments, there
were more players with asymmetries in the external rotation, unlike what was registered
for the internal rotation, in which the values were similar. Furthermore, the first moment
verified higher values with asymmetry (>10%) when compared with the two moments.
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Table 3. Mean (SD) values of torque, power, total work, range of motion, and internal (IR)/external rotation (ER) ratios between dominant and non-dominant upper
limbs before and after five and ten forehands.

Variables
Dominant Upper Limb Non-Dominant Upper Limb

Before Five
Forehands

After Five
Forehands

Before Ten
Forehands

After Ten
Forehands

Before Five
Forehands

After Five
Forehands

Before Ten
Forehands

After Ten
Forehands

Peak torque (N.m) ER 26.4 (9.3) 26.3 (8.3) 27.4 (8.5) 26.6 (9.1) 21.1 (6.9) 4 20.9 (7.1) 4 21.3 (6.3) 4 22.1 (5.7) 4

IR 38.3 (15.8) 38.2 (15.8) 39.3 (16.1) 38.1 (15.6) 3 30.5 (12.0) 4 31.0 (12.1) 4 30.0 (12.5) 4 30.4 (12.3) 1,4

Peak torque/body weight (%) ER 42.5 (10.7) 42.0 (8.5) 2 43.9 (9.3) 42.7 (10.6) 34.1 (7.3) 4 33.5 (7.9) 4 34.1 (6.9) 4 35.7 (5.1) 4

IR 60.3 (16.7) 59.5 (16.1) 2 61.5 (16.9) 60.4 (16.8) 3 48.5 (13.6) 4 49.0 (13.3) 4 47.5 (14.6) 4 48.4 (13.2) 4

Total work (J) ER 273.4 (108.0) 265.6 (94.6) 2 263.7 (91.4) 238.8 (84.0) 1,3 223.5 (83.4) 4 225.4 (85.1) 4 226.9 (85.9) 4 214.8 (72.9) 1

IR 580.9 (285.4) 584.1 (268.5) 579.6 (259.8) 529.9 (265.9) 1,3 403.5 (197.9) 4 416.4 (192.5) 2,4 394.1 (184.4) 4 385.2 (174.6) 4

Maximal repetition total work (J) ER 30.7 (12.1) 29.6 (10.6) 2 29.3 (10.1) 26.5 (9.2) 1,3 24.7 (8.9) 4 25.2 (9.2) 4 25.3 (9.0) 4 24.2 (8.4)
IR 65.4 (29.4) 65.1 (28.4) 66.0 (28.2) 60.5 (29.3) 3 45.8 (21.1) 4 47.3 (20.5) 4 44.9 (19.7) 4 44.3 (19.6)4

Average power (W) ER 31.8 (14.7) 48.1 (30.2) 2 30.3 (11.9) 28.1 (11.8) 1,3 26.0 (11.4) 4 25.7 (11.5) 4 26.7 (11.9) 4 25.8 (10.9)
IR 69.8 (37.5) 67.8 (34.4) 68.6 (34.2) 63.9 (35.4) 3 47.0 (25.6) 4 47.5 (24.5) 4 46.4 (24.1) 4 46.4 (23.3) 4

Average peak torque (N.m) ER 22.6 (8.3) 22.9 (7.7) 23.3 (7.4) 22.8 (7.7) 17.7 (5.4) 4 18.1 (6.2) 4 18.3 (5.6) 4 18.8 (5.1) 4

IR 34.9 (15.5) 34.4 (14.8) 35.1 (14.5) 33.6 (14.2) 1 26.9 (11.2) 4 26.9 (11.2) 4 26.4 (11.4) 4 26.3 (10.9) 4

Range of motion (◦) 124.0 (9.2) 125.9 (10.5) 124.3 (12.1) 121.6 (9.8) 1,3 118.7 (9.8) 4 121.9 (10.2) 4 118.8 (10.7) 4 116.9 (11.2) 1,4,3

External/internal rotation ratios (%) 71.3 (14.5) 73.2 (15.2) 71.9 (11.6) 72.8 (14.6) 73.4 (16.7) 70.6 (16.3) 74.2 (15.0) 76.1 (14.0)
1, 2, 3, and 4 represent the differences in values registered between before and after five and ten forehands, only before and after five forehands, only before and after ten forehands, and
only between the dominant and non-dominant upper limbs (p < 0.05), respectively.
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In Table 4, the five and ten forehand speeds/accuracies and kinematics are compared.
After ten forehands, the average ball speed was lower, compared with five forehands;
the accuracy was similar in both moments. During the forehand action, analyzed also
in the graphic in Figure 6, the forearm flexion and wrist angles (before the swing and at
the final phase, respectively) increased, but no differences were observed on the other
kinematics angles, between five and ten forehands. Moreover, after ten forehands, increases
in the horizontal racquet displacement, and the vertical racquet, shoulder, wrist, and hip
displacement were observed. We observe an increase in the horizontal velocity in the
racquet and wrist as well as in similar ball speeds and accuracies, as well as in horizontal
displacement and velocity of the wrist, hip, and shoulder.

Table 4. Mean (SD) values of ball speed and accuracy, and kinematic variables after five and ten
forehands.

Variables Five Forehands Ten Forehands t-Test Cohen’s dt ρ

Ball speed (km/h) 122.2 (17.5) 120.4 (15.3) 0.95 0.35 0.21
Ball accuracy (0–2 scale) 1 1.0 (0.2) 1.0 (0.1) 0.29 0.76 0.06

Handgrip angle in the preparation phase (◦) 134.4 (16.6) 132.1 (13.8) 0.76 0.45 0.17
Limb abduction angle in the preparation phase (◦) 39.9 (10.7) 38.6 (11.9) 0.84 0.41 0.18

Ball to racket angle in the phase before the swing (◦) 94.0 (5.0) 91.9 (5.3) −0.78 0.44 −0.17
Forearm flexion angle in the phase before the swing (◦) 112.1 (16.5) 114.4 (18.1) 3.23 0.00 * 0.72

Angle between the ball/racket in the phase before swing (◦) 97.8 (5.6) 97.7 (4.9) 0.16 0.86 0.03
Forearm flexion angle in the final phase (◦) 113.0 (11.9) 113.6 (13.1) −0.32 0.75 0.07

Angle of the wrist in the final phase (◦) 139.6 (7.6) 150.1 (9.5) −3.35 0.00 * 0.75
Horizontal racquet displacement (cm) 160.9 (26.4) 181.1 (24.2) −2.76 0.01 * 0.61

Vertical racket displacement (cm) 86.4 (24.8) 95.6 (16.0) −2.51 0.02 * 0.56
Horizontal shoulder displacement (cm) 44.1 (15.2) 45.6 (16.1) −0.50 0.62 0.11

Vertical shoulder displacement (cm) 12.9 (3.8) 17.2 (4.4) −6.17 0.00 * 1.38
Horizontal wrist displacement (cm) 97.7 (23.5) 100.6 (15.9) −0.49 0.62 0.11

Vertical wrist displacement (cm) 41.6 (11.7) 47.8 (9.3) −3.44 0.00 * 0.77
Horizontal hip displacement (cm) 42.5 (18.2) 44.8 (15.7) −0.66 0.51 0.14

Vertical hip displacement (cm) 9.6 (3.4) 11.9 (3.5) −3.90 0.00 * 0.87
Horizontal racket speed (m·s−1) 16.4 (3.7) 19.5 (3.2) −3.03 0.00 * 0.67

Horizontal shoulder speed (m·s−1) 1.9 (0.8) 2.1 (0.7) −0.82 0.42 0.18
Horizontal wrist speed (m·s−1) 6.1 (1.5) 6.9 (1.7) −2.37 0.02 * 0.53
Horizontal hip speed (m·s−1) 1.6 (0.5) 1.6 (0.5) −0.42 0.67 0.09

* and 1 indicate differences between five and ten forehands and the accuracy assessment, respectively (0—the ball
does not enter the area, 1—the ball enters the large area, and 2—the ball enters the small area).
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Figure 6. Example of the racket horizontal displacement average pattern. The five and ten forehands
are represented on the left and right panels, respectively, with the average pattern of the two moments
displayed in the upper left corner (orange and blue, respectively) of the left panel.

4. Discussion

In this study, we hypothesized that the (i) torque and power would present higher
values in the dominant limb than in the non-dominant upper limb; (ii) torque and power
production would decrease after five and ten forehands; (iii) fatigue generated by the
forehand actions would lead to a shoulder internal rotation torque and power decrease,
balancing the external/internal rotation ratios; and (iv) ball speed and accuracy would
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decrease from five to ten forehands and the racket would show higher horizontal displace-
ment velocities. Our main findings evidenced a higher peak torque, total work, and power
in the dominant upper limb; lower total work, maximal repetition total work, average
power, average peak torque, and range of motion were registered after ten forehands. These
main results need to be carefully interpreted because depending on the isokinetic angular
velocity pre-defined, the results may be different (e.g., a higher angular velocity leading to
higher power values) [36].

Since tennis is an asymmetric sport, it is important to analyze the differences between
the dominant and non-dominant limbs, as well as player anthropometrics to character-
ize this specific population [37]. Our male players presented similar height, body mass,
BMI, triceps/biceps skinfold, and relaxed/tensed arm perimeter values to other studies
(176.8 ± 6.4 cm, 69.9 ± 6.8 kg, 22.3 ± 1.4 kg/m2, 9.5 ± 2.7/4.3 ± 1.2 mm and
28.7 ± 1.7/30.7 ± 1.8 cm) [37]. However, female players showed lower values when
compared to the reference literature (165.4 ± 6.3 cm, 59.9 ± 6.2 kg, 21.9 ± 1.7 kg/m2,
16.3 ± 4.0/7.4 ± 2.6 mm and 27.0 ± 1.8/27.8 ± 1.7 cm) [38]. Furthermore, height and
body mass values presented in the literature for males and females (174.2 ± 7.6, 64.3 ± 7.9,
and 164.9 ± 3.7 cm, 50.1 ± 6.7 kg, respectively) [39] were also lower when compared with the
current study. We verified in other studies that male players trained more hours per week
than in this study (29.0 ± 6.7 h) [40], which can be attributed to age, sex, and level differences.

Long-term accumulated loads in different sports can lead to body asymmetries and
upper-dominant limb dominance [41,42]. The results of torque, power, and total work
showed that the dominant upper limb internal rotations (forehand action) were more
proficient compared to those of the non-dominant. In comparison with other studies, it
was evidenced that our results (between the dominant and non-dominant upper limb
internal rotations) were similar to those of other competitive tennis players (peak torque:
42.6 ± 9.5 vs. 35.8 ± 8.4 N.m, mean power: 92.2 ± 26.5 vs. 76.4 ± 21.4 W, single repetition
work: 30.0 ± 7.0 vs. 19.2 ± 8.0 J) [35,43]. Moreover, our study showed higher peak torque
and power for the dominant external rotation and a lower maximal repetition total work in
the non-dominant limb when compared with those same studies (peak torque: 33.1 ± 6.1
vs. 29.7 ± 6.8 N.m, mean power: 70.6 ± 18.6 vs. 60.1 ± 18.0 W, maximal repetition total
work: 22.1 ± 6.1 vs. 23.6 ± 8.0 J).

Throughout a tennis game, peripheral fatigue caused by unilateral and repeated
tennis movements can cause disturbances in the player’s performance [16,26,44]. During
competitive situations, the number of forehands can vary between 4 and 10, according
to the duration of the point, and after the serve, is the most relevant action, in which
the shoulder’s internal rotation is also important. This information can be very useful
to coaches in order to provide information about the overload in the shoulder function.
Results obtained in the current study showed that, after a long point (e.g., ten forehands),
there was a reduction in the range of motion, total work, average peak torque, and power
production in external/internal rotations, with more magnitude in the dominant internal
rotation (forehand action). When compared with other studies, it was possible to verify
that the isometric strength in the external rotation (−5.8%) and dominant side range of
motion in males (−8.3%) and females (−6%) decreased after a game [45].

The internal rotator muscles are considered the agonist muscles of motion [21], being
solicited in the acceleration phase of tennis forehands [46]. The external/internal rotation
ratios in the first experimental moment showed a weakness of the antagonist muscles over
the agonist ones for both limbs, which is in line with the results obtained in a previous
study, (external/internal rotation ratio: 79.0 ± 14.0 vs. 83.0 ± 10.0% and 68.0 ± 7.0 vs.
96.0 ± 18.0%) [43]. After five and ten forehands, the external/internal rotation ratios increased,
compared with the first isokinetic moment, which is in accordance with the asymmetry
acceptable range (66–75%). The increase of the external/internal rotation ratios is justified
by the fatigue and consequent loss of strength in the dominant upper limb internal rotation
after the forehands, despite the unchanged strength in the external rotation. These ratios also
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changed in players in combination with a series of ten serves (dominant and non-dominant
upper limb external/internal rotation ratios: 79.0 ± 0.12 vs. 83.0 ± 0.13%) [12].

Several biomechanical factors (e.g., racket acceleration) were found to justify the
success of the tennis forehand [4,6]. According to previous research, the shoulder’s external
and internal rotations and racket horizontal velocity contribute between 40 and 54% [47]
and 94% [5] to the whole forehand, respectively. In the present study, racket and wrist
displacements and horizontal velocity were shown to be greater than those of the shoulder
and hip. In ten forehands, the horizontal and vertical displacements were higher, compared
to the effects registered after five forehands. These displacement results are in line with
previous studies, with values similarly high in the upper limb horizontal displacement
when moving the racket from the beginning to the end of the movement [4]. Moreover, the
horizontal velocity values also showed similarities in the racket and hip horizontal velocity
(15.4 ± 1.4 and 1.5 ± 0.3 m·s−1, respectively), but lower values in the wrist and shoulder
horizontal velocity (10.0 ± 1.1 and 2.4 ± 0.3 m·s−1, respectively) [6,34].

Complementarily, the wrist angle had the highest value recorded in the forehand prepa-
ration and end phase, showing similarities with other studies (137.0 ± 0.2 vs. 143.5 ± 0.5◦).
The angles generated by the dominant upper limb abduction and the racket with the ball
were higher than in other studies (32. 0 ± 12.0, 80.6 ± 3.6◦), in contrast to the forearm
flexion angles in the forehand hitting and finishing phases, which were lower compared to
other studies (137.5 ± 0.1 and 131.7 ± 0.5◦) [6,47,48]. Since kinematic analysis is very im-
portant in tennis, forehand outcomes (e.g., ball speed and accuracy) have become important
research factors [34]. The results showed that the ball speed was lower after ten forehands
and the accuracy was similar in both moments when compared with the forehands of other
tennis players from several other studies [28,34].

In this study, the peak torque symmetry index between the dominant and non-
dominant upper limbs showed that the shoulder’s external and internal rotations presented
abrupt asymmetry between limbs (e.g., before the five forehands, the external and internal
rotations showed values of 30.5 and 22.7%, respectively). It was also evident that after
the ten forehands, some players presented lower symmetry indexes due to the unused
non-dominant upper limb and the lack of dominant limb strength after use, which de-
creased the index. In comparison with other studies, it was verified that the dominant
upper limb’s external and internal rotations also presented high symmetry index values
(external/internal rotation symmetry index: 33.0/34.4%) [49].

The current study has several limitations, including (i) the absence of a comparison
between genders and age groups; (ii) specific tennis point durations were used when they
varied along the game; (iii) only the forehand was evaluated, which is one of several actions that
tennis players use; and (iv) the dynamometer speed only reached 300◦/s, which is dissimilar
from the speed performed by the racket. Future research is needed to address these issues,
improve the characteristics of tennis, and differentiate between male and female players.

5. Conclusions

Our objective was to understand the influences of short and long tennis points on isoki-
netic variables. Our data allow us to conclude that five and ten forehands lead to an increase
in the external/internal rotation ratios (but without improvement in joint stability) and to a de-
crease in the torque, power, and total work values. Moreover, the dominant vs. non-dominant
upper limbs presented higher torque and power in external and internal rotations (evidencing
the bilateral asymmetrical characteristics of tennis players). It is extremely important to use the
maximum amplitude of the limb to increase the forehand power, and employ the maximum
horizontal velocity of the racket and wrist. Finally, conducting an isokinetic evaluation in
specific tennis match conditions can help coaches improve the training process and achieve
their predefined goals.

Author Contributions: A.V.B., D.D.C. and R.J.F. conceived the study and designed the trial. R.J.F.,
D.D.C., A.S.M., A.F. and P.F. supervised the conduct of the trial and data collection. A.V.B. recruited
the participating centers and participants and managed the data (including quality control); R.J.F.,



Int. J. Environ. Res. Public Health 2022, 19, 15857 11 of 13

J.F.-F., P.F. and D.D.C. provided statistical advice on the study design and analyzed the data. A.V.B.,
D.D.C., R.J.F. and J.F.-F. drafted the article. All authors contributed substantially to the article revision.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Ethics Committee of the Faculty of Sports of the
University of Porto (approval number CEFADE 05 2022 and approval date 18 January 2022).

Informed Consent Statement: Written informed consent was obtained from the patient(s) to publish
this article.

Data Availability Statement: Raw data can be requested by sending an email to abritovilela@hotmail.com
or up201902341@up.pt.

Acknowledgments: The authors would like to thank the Portuguese Tennis Federation, Porto Biome-
chanics Laboratory, and Clube Ténis do Porto for their outstanding technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kovacs, M.S. Applied physiology of tennis performance. Br. J. Sports Med. 2006, 40, 381–386. [CrossRef]
2. Moya-Ramon, M.; Nakamura, F.Y.; Teixeira, A.S.; Granacher, U.; Santos-Rosa, F.J.; Sanz-Rivas, D.; Fernandez-Fernandez, J. Effects

of Resisted vs. Conventional Sprint Training on Physical Fitness in Young Elite Tennis Players. J. Hum. Kinet. 2020, 73, 181–192.
[CrossRef]

3. Torres-Luque, G.; Cabello-Manrique, D.; Hernandez-Garcia, R.; Garatachea, N. An analysis of competition in young tennis
players. Eur. J. Sport Sci. 2011, 11, 39–43. [CrossRef]

4. Genevois, C.; Reid, M.; Creveaux, T.; Rogowski, I. Kinematic differences in upper limb joints between flat and topspin forehand
drives in competitive male tennis players. Sports Biomech. 2018, 19, 1–15. [CrossRef]

5. Elliot, B.; Takahashi, K.; Noffal, G. The influence of grip position on iupper limb contributions to racket head velocity in a tennis
forehand. J. Appl. Biomech. 1997, 13, 182–196. [CrossRef]

6. Kwon, S.; Pfister, R.; Hager, L.R.; Hunter, I.; Seeley, M.K. Influence of tennis racquet kinematics on ball topspin angular velocity
and accuracy during the forehand groundstroke. J. Sports Sci. Med. 2017, 16, 505–513.

7. Shimokawa, R.; Nelson, A.; Zois, J. Does ground-reaction force influence post-impact ball speed in the tennis forehand ground-
stroke? Sports Biomech. 2020, 21, 850–860. [CrossRef]

8. Rota, S.; Morel, B.; Saboul, D.; Rogowski, I.; Hautier, C. Influence of fatigue on upper limb muscle activity and performance in
tennis. J. Electromyogr. Kinesiol. 2013, 24, 90–97. [CrossRef]

9. Colomar, J.; Baiget, E.; Corbi, F. Influence of strenght, power, and muscular stiffness on stroke velocity in junior tennis players.
Front. Physiol. 2020, 11, 196. [CrossRef]

10. Rota, S.; Hautier, C.; Creveaux, T.; Champely, S.; Guillot, A.; Rogowski, I. Relationship between muscle coordination and forehand
drive velocity in tennis. J. Electromyogr. Kinesiol. 2012, 22, 294–300. [CrossRef]

11. Bakhsh, W.; Nicandri, G. Anatomy and physical examination of the shoulder. Sports Med. Arthrosc. Rev. 2018, 26, 10–22. [CrossRef]
[PubMed]

12. Perez, V.M.; Elvira, J.L.; Fernandez, J.F.; Garcia, F.J. A comparative study of passive shoulder rotation range of motion, isometric
rotation strength and serve speed between elite tennis playes with and without history of shoulder pain. Int. J. Sports Phys. Ther.
2018, 13, 39–49. [CrossRef]

13. Pezarat-Correia, P. Perfil muscular do ombro de atletas praticantes de acções de lançamento. Rev. Port. Fisiot. Desp. 2005, 4, 34–42.
14. Bigland-Ritchie, B.; Woods, J.J. Changes in muscle contractile properties and neural control during human muscular fatigue.

Muscle Nerve 1984, 7, 691–699. [CrossRef]
15. Luo, G.-F.; Chang, C.-M.; Shih, Y.-F. The effects of muscle fatigue on scapulothoracic joint position sense and neuromuscular

performance. Musculoskelet. Sci. Pract. 2021, 56, 102461. [CrossRef] [PubMed]
16. Wang, L.H.; Lo, K.C.; Su, F.C. Skill level and forearm muscle fatigue e!ects on ball speed in tennis serve. Sports Biomech. 2018, 20,

1–12.
17. Fabre, J.; Martin, V.; Gondin, J.; Cottin, F.; Grelot, L. Effect of playing surface properties on neuromuscular fatigue in tennis. Med.

Sci. Sports Exerc. 2012, 44, 2182–2189. [CrossRef]
18. Hornery, D.J.; Farrow, D.; Mujika, I.; Young, W. Fatigue in tennis. Mechanisms of Fatigue and Effect on Performance. Sports Med.

2012, 37, 199–212. [CrossRef]
19. Ikenaga, M.; Okuma, N.; Nishiyama, H.; Chiba, S.; Nishimo, K.; Omori, G.; Numone, H. Influence of ball impact location on

racquet kinematics, forearm muscle activation and shot accuracy during the forehand groundstrokes in tennis. Multidiscip. Digit.
Publ. Inst. Proc. 2020, 49, 89.

http://doi.org/10.1136/bjsm.2005.023309
http://doi.org/10.2478/hukin-2019-0142
http://doi.org/10.1080/17461391003770533
http://doi.org/10.1080/14763141.2018.1461915
http://doi.org/10.1123/jab.13.2.182
http://doi.org/10.1080/14763141.2019.1705884
http://doi.org/10.1016/j.jelekin.2013.10.007
http://doi.org/10.3389/fphys.2020.00196
http://doi.org/10.1016/j.jelekin.2011.12.004
http://doi.org/10.1097/JSA.0000000000000202
http://www.ncbi.nlm.nih.gov/pubmed/30059442
http://doi.org/10.26603/ijspt20180039
http://doi.org/10.1002/mus.880070902
http://doi.org/10.1016/j.msksp.2021.102461
http://www.ncbi.nlm.nih.gov/pubmed/34619416
http://doi.org/10.1249/MSS.0b013e3182618cf9
http://doi.org/10.2165/00007256-200737030-00002


Int. J. Environ. Res. Public Health 2022, 19, 15857 12 of 13

20. Sarabon, N.; Smajla, D.; Maffiuletti, N.A.; Bishop, C. Strength, Jumping and Change of Direction Speed Asymmetries in Soccer,
Basketball and Tennis Players. Symmetry 2020, 12, 1664. [CrossRef]

21. Ellenbecker, T.; Roetert, E.P. Age specific isokinetic glenohumeral internal and external rotation strength in elite junior tennis
players. J. Sci. Med. Sport 2003, 6, 63–70. [CrossRef] [PubMed]

22. Rynkiewicz, M.; Rynkiewicz, T.; Zurek, P.; Zieman, E.; Szymanik, R. Asymmetry of muscle mass distribution in tennis players.
Trends Sport Sci. 2013, 1, 147–153.

23. Ellenbeckert, T. Shoulder internal and external rotation strenght and range of motion of highly skilled junior tennis players.
Isokinet. Exerc. Sci. 1992, 2, 65–72. [CrossRef]

24. Fort-Vanmeerhaeghe, A.; Bishop, C.; Busca, B.; Aguilera-Castells, J.; Vicens-Bordas, J.; Gonzalo-Skok, O. Inter-limb asymmetries
are associated with decrements in physical performance in youth elite team sports athletes. PLoS ONE 2020, 15, e0229440.
[CrossRef]

25. Johansson, F.; Gabbet, T.; Svedmark, P.; Skillgate, E. External training load and the association with back pain in competitive
adolescent tennis players: Results from the smash cohort study. Sports Health 2021, 20, 111–118. [CrossRef]

26. Cools, A.M.; Wilde, L.D.; Tangel, A.V.; Ceyssens, C.; Ryckewaert, R.; Cambier, D.C. Measuring shoulder external and internal
rotation strength and range of motion: Comprehensive intra-rater and inter-rater reliability study of several testing protocols. J.
Shoulder Elbow Surg. 2014, 23, 1454–1461. [CrossRef]

27. Dakic, J.; Gosling, C.; Smith, B. Musculoskeletal injury profile in professional Women’s Tennis Association (WTA) players. J. Sci.
Med. Sport 2017, 20, 132. [CrossRef]

28. O’Malley, E.; Richter, C.; King, E.; Strike, S.; Moran, K.; Franklyn-Miller, A.; Moran, R. Countermovement jump and isokinetic
dynamometry as measures of rehabilitation status after anterior cruciate ligament reconstruction. J. Athl. Train. 2018, 53, 687–695.
[CrossRef]

29. Zanca, G.G.; Oliveira, A.B.; Saccol, M.F.; Mattielo-Rosa, S.M. Isokinetic dynamometry applied to shoulder rotators—Velocity
limitations in eccentric evaluations. J. Sci. Med. Sport 2011, 14, 541–546. [CrossRef]

30. Cools, A.; Johansson, F.; Borms, D.; Maenhout, A. Prevention of shoulder injuries in overhead athletes: A science-based approach.
Braz. J. Phys. Ther. 2015, 19, 331–339. [CrossRef]

31. Ayala, F.; Moreno-Pérez, V.; Vera-Garcia, F.J.; Moya, M.; Sanz-Rivas, D.; Fernandez-Fernandez, J. Acute and time-course effects
of traditional and dynamic warm-up routines in young elite junior tennis players. PLoS ONE 2016, 11, e0152790. [CrossRef]
[PubMed]

32. Carvalho, D.D.; Soares, S.; Zacca, R.; Marinho, D.A.; Silva, A.J.; Pyne, D.B.; Fernandes, R.J. In-Water and On-Land Swimmers
Symmetry and Force Production. Int. J. Environ. Res. Public Health 2019, 16, 5018. [CrossRef]

33. Robinson, R.O.; Herzog, W.; Nigg, B.M. Use of force platform variables to quantify the effects of chiropractic manipulation on
gait symmetry. J. Manip. Physiol. Ther. 1987, 10, 172–176.

34. Landlinger, J.; Stoggl, T.; Lindlinger, S.; Wagner, H.; Muller, E. Differences in ball speed and accuracy of tennis. Eur. J. Sport Sci.
2010, 12, 301–308. [CrossRef]

35. Gozlan, L.; Bensoussan, L.; Coudreuse, J.-M.; Fondarai, J.; Gremeaux, V.; Viton, J.-M.; Delarque, A. Isokinetic dynamometer
measurement of shoulder rotational strength in healthy elite athletes (swimming, volley-ball, tennis): Comparison between
dominant and nondominant shoulder. Ann. Med. Phys. 2006, 49, 8–15.

36. Tunstall, H.; Mullineaux, D.R.; Vernon, T. Criterion validity of an isokinetic dynamometer to assess shoulder function in tennis
players. Sports Biomech. 2005, 4, 101–111. [CrossRef]

37. Elce, A.; Cardillo, G.; Ventriglia, M.; Giordano, C.; Amirante, F.; Mazza, G.; Martiniello, L. Anthropometric characteristics of
young Italian. J. Hum. Sport Exerc. 2017, 12, 651–658. [CrossRef]

38. Sanchez-Munoz, C.; Sanz, D.; Zabala, M. Anthropometric characteristics, body composition and somatotype of elite junior tennis
players. Br. J. Sports Med. 2007, 41, 793–799. [CrossRef]

39. Luna-Villouta, P.; Paredes-Arias, M.; Flores-Rivera, C.; Hernandez-Mosqueira, C.; Carvalho, R.S.; Faundez-Casanova, C.; Vargas-
Vitoria, R. Anthropometric Characterization and Physical Performance by age and biological maturation in young tennis players.
Int. J. Environ. Res. Public Health 2021, 18, 10893. [CrossRef]

40. Bonato, M.; Maggioni, A.; Rossi, C.; Rampichini, S.; Torre, A.; Merati, G. Relationship between anthropometric or functional
characteristics and maximal serve velocity in professional tennis players. J. Sports Med. Phys. Fit. 2014, 55, 1157–1165.

41. Kalata, M.; Maly, T.; Hank, M.; Michalek, J.; Bujnovsky, D.; Kunzmann, E.; Zahalka, F. Unilateral and bilateral strength asymmetry
among young elite athletes of various sports. Med. J. 2020, 56, 683. [CrossRef] [PubMed]

42. Pontaga, I. Shoulder external/internal rotation peak torques ratio side-asymmetry, mean work and power ratios balance
worsening due to different fatigue resistance of the rotator muscles in male handball players. Muscles Ligaments Tendons J. 2018, 8,
513–519. [CrossRef]

43. Saccol, M.F.; Silva, R.T.; Gracitelli, G.; Laurino, C.F. Concentric and eccentric isokinetic strength profile of shoulder rotators in
elite junior tennis players. In Proceedings of the XXV ISBS Symposium, Ouro Preto, Brazil, 23–27 August 2007; pp. 608–610.

44. Fernandez-Fernandez, J.; Moya-Ramon, M.; Santos-Rosa, F.J.; Gantois, P.; Nakamura, F.; Sanz-Rivas, D.; Granacher, U. Within-
session sequence of the tennis serve training in youth elite players. Int. J. Environ. Res. Public Health 2021, 18, 244. [CrossRef]
[PubMed]

http://doi.org/10.3390/sym12101664
http://doi.org/10.1016/S1440-2440(03)80009-9
http://www.ncbi.nlm.nih.gov/pubmed/12801211
http://doi.org/10.3233/IES-1992-2205
http://doi.org/10.1371/journal.pone.0229440
http://doi.org/10.1177/19417381211051636
http://doi.org/10.1016/j.jse.2014.01.006
http://doi.org/10.1016/j.jsams.2017.01.155
http://doi.org/10.4085/1062-6050-480-16
http://doi.org/10.1016/j.jsams.2011.05.002
http://doi.org/10.1590/bjpt-rbf.2014.0109
http://doi.org/10.1371/journal.pone.0152790
http://www.ncbi.nlm.nih.gov/pubmed/27071014
http://doi.org/10.3390/ijerph16245018
http://doi.org/10.1080/17461391.2011.566363
http://doi.org/10.1080/14763140508522855
http://doi.org/10.14198/jhse.2017.123.09
http://doi.org/10.1136/bjsm.2007.037119
http://doi.org/10.3390/ijerph182010893
http://doi.org/10.3390/medicina56120683
http://www.ncbi.nlm.nih.gov/pubmed/33321777
http://doi.org/10.32098/mltj.04.2018.09
http://doi.org/10.3390/ijerph18010244
http://www.ncbi.nlm.nih.gov/pubmed/33396257


Int. J. Environ. Res. Public Health 2022, 19, 15857 13 of 13

45. Moreno-Perez, V.; Lopez-Samanes, A.; Dominguez, R.; Fernandez-Elias, V.E.; Gonzalez-Frutos, P.; Fernandez-Ruiz, V.; Fernandez-
Fernandez, J. Acute effects of a single tennis match on passive shoulder rotation range of motion, isometric strength and serve
speed in professional tennis players. PLoS ONE 2019, 14, e0215015. [CrossRef]

46. Julienne, R.; Gauthier, A.; Davenne, D. Fatigue-resistance of the internal rotator muscles in the tennis player’s shoulder: Isokinetic
and electromyographic analysis. Phys. Ther. Sport 2012, 13, 22–26. [CrossRef]

47. Seeley, M.K.; Funk, M.D.; Denning, W.M.; Hager, R.L.; Hopkins, J.T. Tennis forehand kinematics change as post-impact ball speed
is altered. Sports Biomech. 2011, 10, 415–426. [CrossRef]

48. Knudson, D.V. Intrasubject variability of upper extremity angular kinematics in the tennis forehand drive. Int. J. Sport Biomech.
1990, 6, 415–421. [CrossRef]

49. Zusa, A.; Lanka, J.; Vagin, A.; Cicchella, A. Body segments cooperation during forehand stroke production in young and adult
tennis players. J. Hum. Sport. Exerc. 2014, 10, 161–168.

http://doi.org/10.1371/journal.pone.0215015
http://doi.org/10.1016/j.ptsp.2011.02.003
http://doi.org/10.1080/14763141.2011.629305
http://doi.org/10.1123/ijsb.6.4.415

	Introduction 
	Materials and Methods 
	Participants 
	Experimental Moments 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

