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Abstract
Maximum isometric force-time curve variables are positively related to tennis serve 
velocity (SV), especially in short time frames and specific movements. This influence 
could vary depending on gender. For this reason, this study aimed at: a) examining 
differences between anthropometrics and force-time curve variables in male and 
female young high-performance tennis players, and b) analyzing associations between 
these variables and SV. Forty-five players were asked to execute two maximal 
voluntary isometric contractions (MVIC) in joint positions (shoulder internal rotation 
[SHIR] and shoulder extension [SHE] at 90 degrees) involved in the serve motion. 
Results indicated significant greater values for males in SV, SHE peak rate of force 
development (PRFD), SHIR impulse (IMP) 0 to 150 ms and SHE IMP 0 to 150, 200 
and 250 ms. Males presented significant correlations between SV, SHIR and SHE 
MVIC, PRFD, SHIR RFD at 100, 150, 200, 250 ms and SHE RFD at 50 ms. Females 
showed positive associations between SV, body mass (BM), SHE MVIC, SHIR RFD 
at 30, 100 and 150 ms, SHIR IMP at 150, 200 and 250 ms and SHE IMP 150, 200 and 
250 ms. Males SV seems to rely on maximal absolute and relative strength values, 
while females SV may be affected to a superior degree by a combination of greater 
body mass, maximal levels of force production and accumulation in short time frames.
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Introduction 
Recent research has established isometric force-time curve 
variables representing maximum isometric and explosive 
strength as essential factors that are positively related to 
serve ball velocity (SV) (Baiget et al., 2021; Colomar et 
al,, 2022a; Colomar et al., 2022b). These indicators have 
a strong association with the capacity of hitting the ball 
faster, especially in specific joint positions involved in the 
serve kinetic chain. Particularly, the capability of developing 
maximal strength values (Baiget et al., 2016) and force in 
short time frames (< 250 ms) in motions such as the shoulder 
internal rotation (SHIR), shoulder extension (SHE), wrist 
flexion (WF) or the isometric mid-thigh pull (IMTP) seem 
of high importance in both competition (Baiget et al., 2021) 
and young players (Colomar et al., 2022a). Diverse variables 
can be derived from the force-time curve, but essentially high 
levels of maximal voluntary isometric contraction (MVIC) 
in SHIR and SHE motions will positively impact the buildup 
of force and increase the rotational upper arm acceleration 
during the swing to impact, improving the subsequent SV 
(Baiget et al., 2016, 2021; Colomar et al., 2022a; Hayes et al., 
2018). Moreover, variables depending on force application 
over time such as the rate of force development (RFD) or 
impulse (IMP) have also been established as crucial factors 
affecting the final SV outcome (Colomar et al., 2022b). 
Both early (< 100 ms) or late (> 100 ms) phases from the 
onset muscle contraction time are important to determine 
the angular velocity achieved by body segments involved 
in the kinetic chain alongside building a greater momentum 
and a final high-speed racquet motion (Baiget et al., 2021; 
Colomar et al., 2022a).

Literature states the importance of explosive force 
production in both older more experienced players and in 
young population (Colomar et al., 2022a). Nevertheless, no 
studies have compared the significance of these variables 
in male and female participants. Certain differences arise 
when comparing genders in determinant physical indicators 
that influence SV (Colomar et al., 2022b). For example, 
body height (BH) shows large associations with SV in 
both genders, although stronger ratios in male competitors 
(r = .48 - 0.64 vs. .48 - .59) are observed (Baiget et al., 
2022; Fett et al., 2020; Vaverka & Cernosek, 2013), while in 
female players body mass (BM) or body mass index (BMI) 
are more important anthropometric influencing factors 
(Colomar et al., 2022a; Fernandez-Fernandez et al., 2019; 
Fett et al., 2020; Wong et al., 2014). In this line, muscle 
strength, power, and range of motion (RoM) have also shown 
significantly different values depending on the players age 
(Fett et al., 2020), maturational status (Fernandez-Fernandez 
et al., 2021), level (Colomar et al., 2020), or sex (Fernandez-
Fernandez et al., 2019). Specifically, regarding sex-related 
differences, male players seem to rely more thoroughly 

on physical qualities such as upper body power values 
(i.e., medicine ball throws) and shoulder isometric strength 
in specific serve positions, while resultant SV in female 
participants seems to be more influenced by anthropometric 
characteristics (i.e., BM and BMI) (Fernandez-Fernandez 
et al., 2019). Besides, when comparing racquet and ball 
kinematics, although a big number of variables seem similar 
between male and female professional players, some aspects 
such as a lesser shoulder internal rotation executed by 
females differ between both sexes (Elliott et al., 2013). 
Also, from a tactical perspective, female players tend to hit 
more serves to the opponents body, while males are more 
likely to aim to the corners of the service box (Hizan et al., 
2015). These results restate that SV is a multifactorial ability 
influenced by several characteristics and that they highly 
vary depending on the individuals analyzed (Colomar et 
al., 2022b). Following this idea, differences may also exist 
when analyzing explosive force production variables in 
specific joint positions involved in the serve action, making 
for interesting studies in this regard that may offer coaches 
information on how to approach training programs depending 
on the addressed population. We hypothesized sex-related 
differences would exist in RFD, IMP and MVIC, which 
would result in a significant greater SV in male players. 

Thus, the goals of this study were a) to examine the 
differences between anthropometrics and force-time curve 
variables in male and female young tennis players, and b) 
to analyze the strength of the associations between these 
variables and SV in both genders.

Methodology

Participants
Forty-five (15 female and 30 male, [Table 1]) high-
performance junior tennis players (ITN = 2.7 ± 2.1 and 
2.9 ± 0.3, respectively) volunteered for the study. Participants 
had a training volume of 20 h·week-1 comprising 3 h of 
technical and tactical tennis practice and 1 h of fitness 
training per day from Monday to Friday. The player’s 
competitive level (ITN) was established by the consensus 
of three coaches accredited with the Professional Tennis 
Register (Registro Profesional de Tenis, RPT) level 3, 
following the ITN Description of Standards (ITN, 2019). 
Four participants were left-handed while all others had a 
right dominant extremity. Inclusion criteria included to 
have at least 1 year of participation in a structured strength 
and conditioning program and a minimum of 5 years of 
tennis training and competition. Exclusion criteria were 
any back, upper or lower extremity distress or to have 
undergone rehabilitation or surgery in the past 3 months. 
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Table 1 
Participant characteristics and group differences.

Male (n = 30) Female (n = 15)
Difference

p-value Cohen’s d %

Age (years)  16.1 ± 1.2  15.9 ± 1.5 .675 0.138 1.2

Height (cm)  177 ± 6  169 ± 6 < .001 1.377 5.0

BM (kg)  69.4 ± 5.7  58.9 ± 5.8 < .001 1.832 17.8

BMI  22.1 ± 1.1  20.7 ± 2.1 .011 0.877 6.6

Competitive level (ITN)  2.9 ± 0.3  2.7 ± 2.1 .597 0.174 1.9

Training background (years)  8.5 ± 1.6  7.2 ± 1.1 .006 0.942 18.3

Values are mean ± SD. BM = body mass; BMI = body mass index; ITN = international tennis number.
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All participants and their parents were informed about the 
particularities of the study and signed an informed consent 
form. Since the participants were underaged, their legal tutors 
signed the agreement. The study was conducted following 
the ethical principles for biomedical research with human 
beings established in the Declaration of Helsinki of the 
AMM (2013) and approved by the Ethics Committee of 
the Catalan Sports Council (15/CEICGC/2020).

Materials and instruments. Procedure
The testing was divided into two sessions performed on 
the same day and separated by 10 minutes. Participants 
performed the force-time curve variable testing followed by 
the SV evaluation. Due to academy schedule organization, 
participants did not exercise for at least 18 h before the 
protocol took place. They were indicated to maintain their 
regular routine, to avoid excitatory substances and vigorous 
exercise during the previous hours to the testing sessions. All 
measurements were performed in the morning, approximately 
from 8:00 am to 9:00 am. The experiments were executed 
during the competition period of the season. 

Force-time characteristics assessment

Participants were asked to execute two upper body 
MVIC tests of muscle actions in joint positions involved in 
the forward swing of the service motion. Positions tested 
were the SHIR with the elbow flexed and the shoulder 
abducted 90º and the 90º SHE and fully extended elbow. 
Prior to testing, and as a warm up, participants performed two 
submaximal attempts of 3 seconds of the selected positions at 
approximately 50 %-75 % of MVIC, separated by 60 seconds 
(Comfort et al., 2019). Tests were performed similarly to 
Baiget et al. (2016) on an Ercolina machine (Technogym 
Company, Cesena, Italy), participants sat with a 90º hip 
flexion and their back resting on a bench and fastened with 
a harness to avoid extra movement of other body sections. 

Only the dominant extremity was registered. The force-time 
curve was registered using a strain gauge sampling at 80 
Hz (Chronojump, Boscosystem, Barcelona, Spain). MVIC 
and peak rate of force development (PRFD) were defined 
as the peak value attained during the 5 seconds. Relative 
MVIC was calculated by dividing the MVIC result of the 
5 seconds by the participants body weight in kilograms. 
Furthermore, force outputs from 0 to 50, 100, 150, 200 and 
250 ms from the start of the pull were determined for each 
trial to obtain RFD and IMP values (Comfort et al., 2015). 
RFD was calculated with the equation: RFD = ΔForce / 
ΔTime. Participants performed two trials spaced by a 2 
min-rest between attempts and 5 between positions. Both 
positions were measured randomly, and the best score was 
used for analysis. The force-time curve variables assessed 
showed acceptable levels of reliability (ICC = > 0.753; 
CV = < 20%), in accordance with previous similar research 
(Baiget et al., 2021; Colomar et al., 2022a). 

Serve ball velocity (SV) 

SV was assessed on a tennis clay court under stable wind 
conditions (< 2 m·s-1) and using new tennis balls (Head ATP 
Pro, Spain). Before the evaluation, participants performed 
a warm-up including mobility exercises, 5 minutes of free 
rallies and 10 progressive serves. Each player executed 8 
flat serves against no opponent (4 serves on each side of the 
court) with 2 minutes of rest between sets and 10 seconds 
between serves. Only the serves that landed in the serve box 
were included in the examination. SV was determined using 
a hand-held radar gun (Stalker ATS II, USA, frequency: 34.7 
GHz [Ka-Band] ± 50 MHz), registering ball speed after 
impact. The radar was positioned 2 m behind the center of 
the baseline and at a height of 2 m. Players were asked to hit 
“as hard as possible into the serve box” and direct feedback 
was given to provide support. Mean peak velocity of the 
valid serves was used for the analysis. The SV measurement 
showed good levels of reliability (ICC = 0.787; CV = 4.4%).
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Table 2 
Male (n = 30) and female (n = 15) serve ball speed and joint-specific force-time curve differences.

Variables Mean Difference SD ES Descriptor %

SV (km·h-1) 19.3* 3 1.9 Large 15.5

MVC (maximal voluntary contraction)

SHIR MVIC (N) 22.8 5.7 0.45 Moderate 23.8

SHE MVIC (N) 23.1 0.8 0.45 Moderate 20.5

SHIR RMVIC (N/kg) 0.21 0.16 0.25 Small 13.0

SHE RMVIC (N/kg) 0.2 0.11 0.22 Small 10.5

RFD

PRFD SHIR (N·s-1) 349.6 142.6 0.86 Large 66.1

PRFD SHE (N·s-1) 508.3* 139.3 1.12 Large 68.3

SHIR RFD 0-30ms (N·s-1) 285.4 179.6 0.67 Moderate 50.2

SHIR RFD 0-50ms (N·s-1) 251.3 171.9 0.67 Moderate 56.2

SHIR RFD 0-100ms (N·s-1) 134.2 98.2 0.61 Moderate 44.4

SHIR RFD 0-150ms (N·s-1) 50 50.5 0.34 Moderate 22.9

SHIR RFD 0-200ms (N·s-1) 23.6 18 0.22 Small 14.7

SHIR RFD 0-250ms (N·s-1) 33.5 13.8 0.5 Large 36.3

SHE RFD 0-30ms (N·s-1) 331.8 163 0.94 Large 53.7

SHE RFD 0-50ms (N·s-1) 290.5 146.1 0.94 Large 64.7

SHE RFD 0-100ms (N·s-1) 139.2 94.3 0.57 Large 42.6

SHE RFD 0-150ms (N·s-1) 40.2 32 0.22 Small 16.6

SHE RFD 0-200ms (N·s-1) 14.3 4.2 0.24 Small 7.5

SHE RFD 0-250ms (N·s-1) 26.2 17.1 0.44 Moderate 35.1

SD = Standard deviation; ES = effect size; SV = serve velocity; MVIC = maximal voluntary isometric contraction; RMVC = rrelative 
maximal voluntary isometric contraction; SHIR = shoulder internal rotation; SHE = shoulder extension; PRFD = peak rate of force 
development; RFD = rate of force development; IMP = impulse.  * = p < .05
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Data Analyses
Descriptive data were reported as mean ± standard deviation 
(SD). Normality of distributions was assessed with the 
Shapiro-Wilk test (p < .05). Intra-session reproducibility was 
assessed using a two-way average measure of the intraclass 
correlation coefficients (ICCs) and the mean coefficient of 
variation (CV). The differences between male and female 
group mean values of SV, absolute and relative MVIC, PRFD, 
RFD, and IMP at different time frames during a SHIR or 
SHE were tested with an independent samples t-test. Also, 
absolute percentage change was included as group difference 
analysis. The magnitude of the differences in mean was 
quantified as effect size (ES) and interpreted according to the 
criteria used by Cohen (1988); < 0.2 = trivial, 0.2-0.4 = small, 
0.5-0.7 = moderate, > 0.7 = large. Thirty-one preplanned 
comparisons were considered in this study. Accordingly, 
correction for multiple comparisons was performed using 
the Holm-Bonferroni method (Holm, 1979). In addition, 
Pearson correlation coefficient was used to examine the 
relations between SV, absolute and relative MVIC, PRFD, 
RFD, and IMP at different contraction times in the SHIR 
and SHE positions in male and female players. Correlations 
were classified as trivial (0-.1), small (.1-.3), moderate (.3-.5), 
large (.5-.7), very large (.7-.9), nearly perfect (.9), and perfect 
(1) (Hopkins et al., 2009). Following this analysis, we also 
calculated the coefficient of determination to further assess 
the explanatory power of the relationships observed. The 

level of significance was set at p < .05. All statistical analyses 
were performed using JASP (JASP 0.16.1, University of 
Amsterdam, Netherlands).

Results
Males SV analysis resulted in a mean value of 144.2 ± 8.4 km·h-1, 
while female participants had a mean score of 124.9 ± 12.6 
km·h-1. Large SV differences (mean: 19.3 km·h-1; p = .031, 
ES = 1.9, percentage change = 15.5 %) were found between 
boys and girls. Force-time curve variable sex-related differences 
are expressed in Table 2 and plotted in Figures 1 (SHIR and 
SHE MVIC), 2 (SHIR RFD and IMP) and 3 (SHE RFD and 
IMP). Significant differences favoring male participants were 
found in SHE PRFD, SHIR IMP from 0 to 150 and SHE IMP 
from 0 to 150, 0 to 200, and 0 to 250 ms.

Correlation coefficients between SV and isometric force-
time variables of male and female participants are summed up 
in Table 3. In male participants, significant moderate-to-large 
correlations were found between SV, absolute and relative 
SHIR MVIC and SHE MVIC, SHIR and SHE PRFD, SHIR 
RFD from 0 to 100, 0 to 150, 0 to 200, 0 to 250 ms, and SHE 
RFD from 0 to 50 ms. Regarding female players, significant 
moderate-to-large positive correlations were found between 
SV, BM, absolute and relative SHE MVIC, SHIR RFD from 
0 to 30, 0 to 100, and 0 to 150 ms, SHIR IMP at 150, 200 
and 250 msand SHE IMP at 150, 200 and 250 ms.
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Table 2 (Continuation) 
Male (n = 30) and female (n = 15) serve ball speed and joint-specific force-time curve differences.

Variables Mean Difference SD ES Descriptor %

IMP

SHIR IMP 30ms (N·s) 0.16 0 0.77 Large 49.8

SHIR IMP 50ms (N·s) 0.52 0.2 0.74 Large 59.1

SHIR IMP 100ms (N·s) 1.47 0.4 0.88 Large 56.9

SHIR IMP 150ms (N·s) 2.66* 0.6 1.16 Large 50.3

SHIR IMP 200ms (N·s) 1.1 0 0.25 Small 10.4

SHIR IMP 250ms (N·s) 1.4 0.2 0.29 Small 10.6

SHE IMP 30ms (N·s) 0.42 0.1 1.79 Large 153.1

SHE IMP 50ms (N·s) 0.91 0.3 1.6 Large 110.1

SHE IMP 100ms (N·s) 2.55 0.8 1.68 Large 108.6

SHE IMP 150ms (N·s) 3.27* 1.3 1.26 Large 60.3

SHE IMP 200ms (N·s) 4.73* 1.6 1.28 Large 48.6

SHE IMP 250ms (N·s) 5.6* 2.3 1.24 Large 43.3

SD = Standard deviation; ES = effect size; SV = serve velocity; MVIC = maximal voluntary isometric contraction; RMVC = relative 
maximal voluntary isometric contraction; SHIR = shoulder internal rotation; SHE = shoulder extension; PRFD = peak rate of force 
development; RFD = rate of force development; IMP = impulse.  * = p < .05

Table 3 
Male (n = 30) and female (n = 15) correlations between serve ball speed and anthropometric and specific-joint force-time curve 
variables.

Variables
MALES FEMALES

r p r2 r p r2

Anthropometrics

Height (cm) .25 .228 .063 .465 .081 .216

BM (kg) .3 .145 .090 .636 .011 .404

BMI .144 .493 .021 .293 .289 .086

MVC

SHIR MVIC (N) .583 .002 .340 .439 .101 .193

SHE MVIC (N) .423 .035 .179 .618 .014 .382

SHIR RMVIC(N/kg) .556 .004 .309 .364 .182 .132

SHE RMVIC(N/kg) .413 .04 .171 .521 .046 .271

RFD

PRFD SHIR (N·s-1) .464 .019 .215 .389 .152 .151

PRFD SHE (N·s-1) .499 .011 .249 .07 .804 .005

SHIR RFD 0-30ms (N·s-1) .237 .255 .056 .623 .013 .388

SHIR RFD 0-50ms (N·s-1) .344 .092 .118 .509 .053 .259

SHIR RFD 0-100ms (N·s-1) .446 .025 .199 .514 .05 .264

SHIR RFD 0-150ms (N·s-1) .485 .014 .235 .533 .041 .284

SHIR RFD 0-200ms (N·s-1) .495 .012 .245 .431 .109 .186

SHIR RFD 0-250ms (N·s-1) .405 .045 .164 .16 .569 .026

SHE RFD 0-30ms (N·s-1) .368 .071 .135 .466 .080 .217

SHE RFD 0-50ms (N·s-1) .435 .03 .189 .238 .394 .057

SHE RFD 0-100ms (N·s-1) .403 .046 .162 .267 .335 .071

SHE RFD 0-150ms (N·s-1) .28 .175 .078 .399 .141 .159

SHE RFD 0-200ms (N·s-1) .169 .344 .029 .44 .101 .194

SHE RFD 0-250ms (N·s-1) .178 .396 .032 .088 .754 .008

SV = serve velocity; BM = body mass; BMI = body mass index; MVIC = maximal voluntary isometric contraction; RMVC = relative 
maximal voluntary isometric contraction; SHIR = shoulder internal rotation; SHE = shoulder extension; PRFD = peak rate of force 
development; RFD = rate of force development; IMP = impulse. 
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Table 3 (Continuation) 
Male (n = 30) and female (n = 15) correlations between serve ball speed and anthropometric and specific-joint force-time curve 
variables.

Variables
MALES FEMALES

r p r2 r p r2

IMP

SHIR IMP 30ms (N·s) .218 .296 .048 .172 .540 .030

SHIR IMP 50ms (N·s) .116 .581 .013 .337 .219 .114

SHIR IMP 100ms (N·s) .331 .106 .110 .281 .310 .079

SHIR IMP 150ms (N·s) .368 .070 .135 .564 .028 .318

SHIR IMP 200ms (N·s) .284 .169 .081 .581 .023 .338

SHIR IMP 250ms (N·s) .219 .294 .048 .67 .006 .449

SHE IMP 30ms (N·s) .208 .319 .043 .259 .352 .067

SHE IMP 50ms (N·s) .211 .312 .045 .211 .451 .045

SHE IMP 100ms (N·s) .138 .51 .019 .155 .070 .024

SHE IMP 150ms (N·s) .208 .319 .043 .48 .004 .230

SHE IMP 200ms (N·s) .384 .058 .147 .702 .006 .493

SHE IMP 250ms (N·s) .37 .069 .137 .669 .017 .448

SV = serve velocity; BM = body mass; BMI = body mass index; MVIC = maximal voluntary isometric contraction; RMVC = relative 
maximal voluntary isometric contraction; SHIR = shoulder internal rotation; SHE = shoulder extension; PRFD = peak rate of force 
development; RFD = rate of force development; IMP = impulse. 
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Figure 1 
Male and female maximal voluntary contraction (MVIC) scores. * = p < .05.
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Discussion
The main finding of this research was that SV sex-related 
differences existed between these competitors, probably due 
to higher values achieved by male players in key isometric 
force-time curve variables that influence the final speed of 
the serve (i.e., SHE PRFD and IMP). Also, the strength 
of the correlations between SV and the tested variables 
indicate that young male players may rely more thoroughly 
on maximal absolute and relative strength values (MVIC, 
RMVIC, and PRFD), while in female the competitor’s SV 

seems to be affected to a greater extent by a combination 
of anthropometric characteristics (BM), maximal strength 
values (SHE MVIC), and force accumulation over time 
(IMP). 

SV is highly influenced by strength values derived from 
the force-time curve while performing joint-specific actions 
present in the serve kinetic chain (Baiget et al., 2016, 2021; 
Colomar et al., 2022a). To our knowledge, results in this 
research are the first to examine differences regarding these 
variables in young male and female high-performance tennis 

Figure 2 
Male and female values of shoulder internal rotation (SHIR) rate of force development (RFD) and impulse (IMP) at different time frames. 
* = p < .05.

Figure 3 
Male and female values of shoulder extension (SHE) rate of force development (RFD) and impulse (IMP) at different time frames.  
* = p < .05.
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players. Outcomes of the analysis show that male players 
express greater scores in SHE peak values of explosive 
strength (PRFD), explosiveness (RFD) in what are considered 
early phases from the onset muscle contraction time (i.e., 150 
ms) (Andersen et al., 2010), and SHE force accumulation 
over time (IMP) from 0 to 150, 200, and 250 ms. The serve is 
a highly dynamic action executed at high speeds in very short 
time frames. Although the total motion can last around 650 
ms, the available time to produce force during the concentric 
muscle activation phase can be as short as 80 ms (Kibler et al., 
2007). Therefore, it seems reasonable that the fact that males 
are capable of producing greater values in some variables 
such as PRFD, RFD, and IMP, especially in early contraction 
times, implies a higher capacity to increase arm acceleration 
in the swing to impact and angular momentum of the head 
of the racquet that will positively influence SV (Baiget et 
al., 2021). On the other hand, RFD, absolute and relative 
MVIC did not show significant sex-related differences. Early 
phases of contraction seem to be more determined by neural 
aspects such as motor unit discharge rate and intrinsic muscle 
properties, while overall maximal strength may be more 
important in the later time frames (Andersen et al., 2010; 
Andersen & Aagaard, 2006). This would explain how RFD 
values did not show statistically significant differences in 
any movement or time window, as maximal values of SHIR 
and SHE MVIC did not express dissimilarities between male 
and female participants. Nevertheless, non-significant results 
regarding MVIC are surprising, as literature has recurrently 
found sex-related differences in this variable (Cools et al., 
2014; Fernandez-Fernandez et al., 2019; Johansson et al., 
2022). Although non-significant, greater scores, moderate 
effect sizes and percentual changes of around 20% can be 
observed in favor of male participants. This may indicate 
that boys of this particular age and level show rather similar 
MVICs as their female peers, as their strength values are still 
increasing throughout adolescence (Johansson et al., 2022). 
In fact, results show even lower differences in RMVIC, 
which are in accordance with previous literature indicating 
that differences in overhead athletes’ strength values may 
disappear when normalized to BM (Cools et al., 2016; Harbo 
et al., 2012). Another interesting aspect is that the maximum 
isometric force levels obtained in this study are specific to 
the angle analyzed (Oranchuk et al., 2019). This suggests 
that the observed correlation levels could vary depending 
on the joint angle analyzed. Therefore, the results of this 
study should not be extrapolated to other angles or positions. 

Regarding the strength of the correlations between 
SV, anthropometric and force-time curve variables, male 
participants showed significant associations with all maximal 
strength values (i.e., SHIR and SHE absolute and relative 
MVIC and PRFD) and in SHIR RFD in contraction times 

over 100 ms, but not with the rest of RFD measurements 
or IMP. On the other hand, girls showed significant results 
in a reduced number of maximal strength variables (i.e., 
SHE MVIC and RMVIC), but most importantly with BM 
and measures of explosive strength such as SHIR RFD 
from 0 to 30, 100 and 150 msalongside SHIR IMP at 150, 
200, 250 msand SHE IMP at 150, 200 and 250 ms. In 
accordance with previous research, male participants seem 
to rely thoroughly on maximal isometric values of strength 
in specific joint positions of the serve kinetic chain (Baiget 
et al., 2016, 2021; Fernandez-Fernandez et al., 2019). These 
associations seem stronger than values of explosiveness 
and accumulation of force throughout time that, although 
previously deemed important in young competitors (Colomar 
et al., 2022a), only showed significant correlations in SHIR 
RFD over 100 mstime frames in this sample of players. 
Regarding females, positive associations were found across 
variables that express maximal strength, but also BM, force 
output and accumulation with respect of contraction time. 
This is in line with the general idea that the tennis serve is 
a multifactorial action that requires multiple capacities to 
produce high speeds (Colomar et al., 2022b). Contrary to 
males, which seem to take advantage of enhanced maximal 
strength values, the existence of significant correlations 
between BM, MVIC, RFD and IMP in female players 
may indicate that velocity production of girls relies more 
thoroughly on the combination of several aspects rather than 
on one predominant strength indicator. Although verifying 
this idea was not the aim of this study, if it is confirmed in 
future research, this would indicate the need to guide service 
speed training differently depending on gender. Interestingly, 
IMP was strongly associated with SV, indicating also that the 
ability to build up energy over time and transfer it throughout 
the kinetic chain in a coordinated manner seems important 
for female participants. Alongside this, BM seems to have 
a strong influence on SV, as found in previous literature 
(Baiget et al., 2021; Fernandez-Fernandez et al., 2019; 
Fett et al., 2020). The increase in BM in girls that typically 
occurs when reaching adolescence (Malina et al., 2015) can 
increase torque production and have a positive influence 
on SV. Nevertheless, an adequate development of lean BM 
is encouraged, since an increase in this aspect should not 
highjack improvements in explosive strength variables that 
are key for velocity production (Colomar et al., 2022b). 

Last, and as a limitation of this study, biomechanical 
proficiency has a great influence on SV, especially at young 
ages and during growth (Colomar et al., 2022a). Alongside 
certain anthropometric and strength variables tested here, 
kinematics most likely would explain how segment’s force-
generating capacity is managed as a function of time and space 
to generate maximum SV, since the same serve speed can be 
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achieved with different joint implications. Nevertheless, these 
aspects were not tested here, and their inclusion together 
with range of motion capacities (Fernandez-Fernandez et al., 
2019) would be of great interest to examine the full spectrum 
of physical abilities that influence velocity production and 
the differences between genders. Also, the sampling rate 
of the strain gauge may have been relatively low for initial 
stages of contraction (< 100 ms), affecting results to some 
extent. Finally, different types of serves (topspin or slice) 
could influence the relevance and importance of the different 
variables tested, which makes it important to address these 
issues in further studies.

Conclusion
Male and female young tennis players of the same age, 
level and training characteristics that participated in this 
study showed significant differences in certain key isometric 
maximal and explosive strength variables that highly 
influence velocity production in the serve. Because of this, 
male competitors show greater values in a functional key 
parameter that affects performance such as SV. Correlations 
between SV and force-time curve variables indicate that, 
in order to guarantee velocity production, adolescent boys 
mainly rely on maximal absolute and relative strength 
values (MVIC, RMVIC, and PRFD) over explosiveness 
and accumulations of force over time. On the other hand, 
female competitors SV may be affected to a superior degree 
by a combination of diverse physical abilities, including 
anthropometric characteristics (BM), maximal levels of 
strength (SHE MVIC and RMVIC) and expressions of force 
production and accumulation in short time frames (i.e., RFD 
and IMP). In accordance with these results, when planning 
a SV improvement program, certain differences in training 
approaches between sexes may be important. On the one 
hand, when intending to improve the MVIC or PRFD in 
positions involved in the tennis serve kinetic chain, coaches 
are encouraged to use resistance training programs such as 
isometric interventions, as they have been established as a 
valid option to improve these qualities in short periods of 
time (Baiget et al., 2023). On the other hand, when intending 
to improve force production and IMP in short time frames, 
interventions that include fast rotations, specific movements 
from the kinetic chain and are performed with light to 
moderate weights seem the best option (Baiget et al., 2021).
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