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Serve velocity is a key performance determinant in tennis and relies on effective kinetic-kinematic 
energy transfer initiated by the lower limbs. While previous research has predominantly 
emphasized upper-extremity contributions, the neuromuscular characteristics of the lower limbs, 
particularly during the loading phase of the serve, remain insufficiently examined. Seventeen elite 
junior male tennis players participated in this study. Serve velocity was measured using a radar 
gun, while lower-limb neuromuscular performance was assessed via isokinetic knee and hip 
flexion–extension torque testing at angular velocities of 60°, 180°, and 240°·s⁻¹. 
Countermovement jump (CMJ) height was evaluated as a functional indicator of rapid force 
production capacity. Pearson correlation and multiple linear regression analyses were conducted 
to identify predictors of serve performance. Serve velocity was significantly associated with 
isokinetic torque outputs of the knee and hip joints across multiple angular velocities, as well as 
with CMJ height (p < 0.05). Greater knee flexion-extension and hip flexion-extension torque 
capacities were consistently related to higher serve velocities, and CMJ performance 
demonstrated a strong positive association with serve velocity. In the regression model, knee 
flexion peak torque of the dominant limb at 240°·s⁻¹ emerged as the only significant predictor of 
serve velocity, explaining a substantial proportion of its variance (R² = 0.797, p < 0.001). These 
findings indicate that serve velocity is closely associated with lower-extremity force production 
characteristics and highlight the importance of high-velocity knee flexor torque in explaining 
performance differences in elite junior tennis players. 

  

Introduction 
Serve speed, an important kinematic factor in tennis, is 
directly related to the magnitude of momentum 
transferred to the ball and the effective transfer of 
ground reaction forces (GRF) along the kinetic chain 
extending from the lower extremities to the upper 
extremities (İnal, 2013; Liang et al., 2023; Ölmez et al., 
2025, 2023). The tennis serve is a highly coordinated 
energy transfer movement in which mechanical energy 
generated in the lower extremities is transmitted to the 
shoulder, elbow, and wrist segments via trunk rotation 
(Kumar, Bairagi, Das, & Singh, 2024). During the 
preparation phase, the synchronised contractions of the 
knee and ankle flexors form the basis of the upward and 
forward momentum generated by the push-off (Gorce 
& Jacquier-Bret, 2024). This energy is transferred to the 

upper extremity through moments generated at the hip 
and knee joints, contributing to ball strike velocity 
(Liang et al., 2023; van Trigt et al., 2024). Weakness in 
any link of the kinetic chain can limit the effective 
transfer of energy to the distal segments, leading to a 
significant decrease in ball exit velocity 
(Lertwonghattakul et al., 2023). 

Recent studies have shown that muscle strength, the 
capacity to generate force at high velocity, and lower-
upper limb coordination play a decisive role in tennis 
serve velocity (Lambrich & Muehlbauer, 2023; Pan et 
al., 2025). However, the majority of existing studies 
have focused on upper limb torques and shoulder-
elbow acceleration mechanisms; the contribution of the 
lower limb to serve performance has often been 
overlooked (Deng et al., 2024; Ölmez et al., 2025; Vacek 
et al., 2025).  
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The limited number of studies examining the 
relationship between the isokinetic properties of lower 
limb muscle groups and serve performance have 
generally been restricted to a single angular velocity or 
have not explicitly examined how kinetic variables 
relate to a kinematic performance outcome such as 
serve velocity (Brito et al., 2024; Colomar et al., 2022). 
This creates a methodological gap in explaining the role 
of lower extremity strength and movement dynamics in 
determining serve velocity. 

This study aims to evaluate the effects of knee/hip 
isokinetic torques measured at different angular 
velocities and vertical jump performance on serve 
velocity in tennis players from a kinetic and kinematic 
perspective. In this respect, the study comprehensively 
examines the lower extremity-derived kinetic 
determinants of serve performance, differing from 
approaches in the literature that predominantly focus 
on the upper extremity. The findings are expected to 
contribute to the planning of performance 
enhancement strategies targeting lower extremity force 
production and movement coordination. 

 

Methods 
Participants 
Seventeen healthy elite junior male tennis players 
participated in this study (n = 17). The required sample 
size was determined a priori using G*Power software 
(version 3.1.9.6, Germany), assuming a medium effect 
size (f = 0.60), an alpha level of 0.05, and a statistical 
power of 1–β = 0.80 (Ölmez et al., 2025). All athletes 
trained at least four days per week and were classified 
between levels 1 and 3 according to the International 
Tennis Number (ITN), indicating a high competitive 
standard. 

Participants had a mean age of 17.76 ± 1.39 years 
and a training age of 10.35 ± 1.54 years. Their mean 
body mass and height were 69.19 ± 8.93 kg and 176.56 ± 
7.74 cm, respectively, corresponding to a mean body 
mass index (BMI) of 22.14 ± 1.89 kg·m⁻², which falls 
within the normal reference range for their age group. 
All athletes had been actively competing in national and 
international tournaments since approximately 12 years 
of age.  

All athletes were informed about the study, and the 
possible benefits and risks were explained. After verbal 
notification, all athletes were given a written informed 

consent form prepared according to the Declaration of 
Helsinki. Athletes’ parents under 18 years were also 
informed about the study, and written informed 
consent was obtained from all of them. The study was 
conducted by the ethical principles of the European 
Convention and the Declaration of Helsinki (World 
Medical Association, 2013). 

Procedure 
The data collection process was conducted in two stages 
and completed within a total of ten days. The research 
design was planned to include both laboratory-based 
tests (isokinetic strength and jump) and court-based 
performance measurement (serve velocity). Participants 
attended a total of five separate visits during this 
process (Figure 1). 

During the first visit, participant registrations were 
completed, and the information and orientation process 
about the study was finalised. In this session, all test 
equipment was introduced, and participants were 
included in a short trial protocol to familiarise 
themselves with the measurement procedures. 
Anthropometric measurements (height, body weight, 
BMI) were also taken.  

During the second and third visits, isokinetic 
strength tests were performed in the laboratory 
environment. Knee flexor and extensor muscle groups 
were tested during the second visit, while hip flexor and 
extensor muscle groups were tested during the third 
visit. A minimum rest period of 24 hours was allowed 
between each measurement. Eight to nine athletes were 
evaluated on each test day, and a 10-minute passive rest 
period was provided between tests. This minimised the 
possibility of muscle fatigue and neuromuscular fatigue.  

During the fourth visit, counter movement jump 
(CMJ) tests were performed. These tests were 
administered at least 48 hours after the isokinetic 
measurements to allow for complete neuromuscular 
recovery. During the fifth visit, serve velocity 
measurements were taken in a court environment. The 
serve performance tests were scheduled at least 48 hours 
after the laboratory measurements. 

All tests were conducted by the same researcher, and 
standard test conditions were maintained throughout 
the data collection process (ambient temperature 24 ± 1 
°C, humidity 55 ± 3%). Participants were asked to avoid 
high-intensity physical activity between test days and to 
maintain their normal sleep and dietary routines. 
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Figure 1. Multi-visit performance assessment protocol. 

 

Isokinetic Strength Measurements 
Isokinetic strength measurements were performed 
using a Cybex Humac NORM isokinetic dynamometer 
(CSMi, Stoughton, MA, USA). Measurements were 
taken on both legs (dominant and non-dominant). The 
weight of the tested limb and lever arm was 
automatically calculated by the device software with 
gravity correction. All tests were conducted by the same 
laboratory technician trained in the Humac NORM 
system. 

A warm-up set of five repetitions at approximately 
50% of the perceived exertion for each joint was 
performed prior to testing (Borg, 1982). The warm-up 
aimed to allow participants to adapt to the device's 
resistance profile and to neuromuscularly activate the 
target muscle groups (Perry, Wang, Feldman, Ruth, & 
Signorile, 2004). This was followed by a 90-second 
passive rest period.  

Knee and hip flexion (FLX) and extension (EXT) 
forces were assessed using a concentric/concentric 
protocol (5–5–15 repetition) at angular velocities of 60°, 
180°, and 240°·s⁻¹, respectively (Rendos et al., 2019). A 
90-second rest period was provided between each 
contraction. Three valid trials were performed, and the 
highest torque value was used in the analyses.  
Knee Isokinetics: Participants were tested in a seated 
position. The seat angle was set to 85°, and the hip angle 
to 90°. The dynamometer shaft was aligned with the 
lateral femoral epicondyle. ROM was limited to 0–90° 
(full EXT was considered 0°). The torso, pelvis, and 
thighs were stabilized with restraint straps. 
Hip Isokinetics: Participants were tested in a supine 
position. The dynamometer shaft was aligned with the 

greater trochanter. The hip FLX test was performed at 
45° flexion, and the EXT test at 45° extension. The 
pelvic and thoracic regions were stabilised with restraint 
straps. The supine position was preferred to minimize 
compensatory movements and to ensure standardized 
isolation of the hip musculature during testing. 

Counter Movement Jump Test 
The CMJ test was performed using an electronic jump 
mat system (Microgate Witty, USA) to determine lower 
extremity power production capacity. Prior to the test, 
participants warmed up on a bicycle ergometer at 60 
rpm for 5 minutes. 

Jumps were performed using a rapid flexion-
extension sequence at the knee and hip joints to 
maximize vertical propulsion. Arms were held close to 
the body to minimize upper-limb contribution. Each 
participant performed three valid trials with 30-second 
rest intervals, and the highest value was used for 
analysis.  

The electronic mat recorded ground contact and 
flight times with millisecond (ms) precision. The 
highest value was considered in the analysis.  

The CMJ test was performed without arm swing in 
order to isolate the contribution of the lower extremities 
and to assess the mechanical and kinetic capacity of the 
lower extremities alone in a more controlled manner. 

Serve Velocity Measurements  
Serve velocity assessment was performed by asking 
athletes to use the flat serve technique. The flat serve 
presents a movement pattern in which the propulsive 
force generated by the lower extremity is transmitted to 
the upper extremity through the principle of energy 
transfer from proximal to distal via trunk rotation. 
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During the preparation phase of the serve, the tennis 
player stores mechanical energy through knee and hip 
flexion; then, through rapid knee and hip extension, 
ankle plantar flexion, and the direction of the ground 
reaction force, a powerful upward movement 
accelerating towards the ball is created. This thrust plays 
a fundamental role in determining serve velocity, and 
the explosive force level of the lower extremities is 
closely related to performance (Girard, Mendez-
Villanueva, & Bishop, 2011; Kovacs & Ellenbecker, 
2011). 

All measurements were performed on a hard court 
tennis surface. The athletes' serve velocity was recorded 
using a handheld radar device (Bushnell 101.911, USA). 
The radar device was placed approximately 1 meter 
behind the baseline of the opposite court, aligned with 
the athlete's serve. Throughout the measurements, the 
athletes' natural footwear and individual serve routines 
were maintained to simulate realistic competition 
conditions. 

In accordance with official tennis competition rules, 
each athlete was asked to demonstrate their first and 
second serve performances. The first serve was executed 
to reflect the athlete's maximal velocity and risk 
preferences, while the second serve represented a more 
controlled and safe strategy. Prior to the measurements, 
the athletes performed serve-oriented dynamic warm-
ups and practice shots. 
In the test protocol, each athlete performed first and 
second serves over three repetitions. Only the velocity 
of the first serves that successfully landed on the court 
were analyzed in the evaluation (Ölmez et al., 2025).  

Data Analysis 
Statistical analyses were conducted using IBM SPSS 
Statistics 25.0 (IBM Corp., Armonk, NY, USA). 
Normality of the data was assessed using the Shapiro-
Wilk test and Q-Q plots, while homogeneity of variance 
was evaluated using Levene’s test. The reliability of 
serve velocity and CMJ measurements was assessed 
using the Intraclass Correlation Coefficient (ICC) and 

Coefficient of Variation (CV%), based on a two-way 
mixed-effects model with absolute agreement. ICC 
values were interpreted according to Koo & Li (2016) , 
and CV% values below 15% were considered indicative 
of high measurement stability. 
A Paired Samples t-test was applied to determine the 
differences between the dominant and non-dominant 
limbs, and the analyses were performed using SPSS 
software. 

The relationships between variables were examined 
using Pearson correlation analysis, and the analysis was 
performed in the SPSS environment. Cohen (1988) 
classification was used to interpret the correlation 
coefficients (0.1–0.3: low, 0.3–0.5: moderate, and above 
0.5: high correlation). Given the number of correlations 
tested, false discovery rate (Benjamini–Hochberg) 
correction was applied to control for type I error 
(Benjamini & Hochberg, 1995).  

Multiple linear regression analysis was conducted to 
identify predictors of serve velocity. Variables that 
showed significant correlations were included in the 
model, and a stepwise method was used to determine 
the final model in order to avoid overfitting and reduce 
multicollinearity. Multicollinearity was assessed using 
the Variance Inflation Factor (VIF), with values below 3 
considered acceptable (Jr, Black, Babin, & Anderson, 
2018; O’Brien, 2007; Robinson & Schumacker, 2009). 
Regression assumptions (normality, linearity, and 
homoscedasticity) were evaluated through residual 
analysis. Statistical significance was set at p < 0.05.  

 

Result 
The participants' mean serve velocity was determined to 
be 118.65 ± 17.26 km/h (95% CI: 110.8–126.5) and their 
vertical jump height was 47.58 ± 6.02 cm (95% CI: 45.1–
50.1). Excellent consistency was found between CMJ 
measurements (ICC = 0.93, CV% = 0.11). Good 
consistency was determined in serve velocity 
measurements (ICC = 0.91, CV% = 14.0).  

 
Table 1  
Peak torques of athletes knee and hip joints (Mean ± SD). 
Joint AV (°×s-1) D FLX (Nm) ND FLX (Nm) D EXT (Nm) ND EXT (Nm) 
Knee 60 110.41 ± 32.66 102.94 ± 29.01 190.88 ± 39.87 190.00 ± 45.45 

180 79.94 ± 22.96 76.65 ± 23.75 124.12 ± 31.17 130.41 ± 38.07 
240 74.06 ± 20.19* 67.53 ± 18.54* 110.88 ± 26.85 110.88 ± 26.38 

Hip 60 111.12 ± 42.56 121.18 ± 56.53 191.88 ± 50.03 194.35 ± 67.41 
180 93.53 ± 39.61 95.24 ± 44.01 151.41 ± 46.55 159.53 ± 54.14 
240 69.06 ± 24.39 75.88 ± 33.41 139.94 ± 43.67* 131.82 ± 43.15* 

AV: Angular Velocity; D: Dominant; ND: Non-dominant; FLX: Flexion; EXT: Extension; *p < 0.05. 
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Figure 2. Significant correlations between serve speed and lower-limb neuromuscular performance 
variables. K: Knee; H: Hip; FLX: Flexion; EXT: Extension; D: Dominant; ND: Nondominant; *p < 0.05, 
**p < 0.01. 

 
Table 2  
Stepwise linear regression analysis predicting serve velocity. 
Variables B SE β t p VIF 
Constant 44.141 11.496 - 3.840 0.002 - 
Knee FLX 240 D 1.151 0.150 0.893 7.669 < 0.001 1.000 
B: Unstandardized coefficient; SE: standard error; β: standardized coefficient; t: t-statistic; p: significance level;           
VIF: variance inflation factor. Model fit: R² = 0.797, F(1,15) = 58.808, p < 0.001. 

 
Peak torque values for the knee and hip joints are 

presented in Table 1 the analysis results showed that 
knee flexion at an angular velocity of 240°·s⁻¹ produced 
significantly higher peak torque in the dominant limb 
compared to the non-dominant limb (p = 0.003, 
Cohen's d = 0.87). Similarly, a significant difference was 
found between the dominant and non-dominant limbs 
during hip extension at an angular velocity of 240°·s⁻¹, 
and this difference had a moderate effect size (p = 0.023, 
Cohen’s d = 0.61). 

Figure 2 shows that serve velocity was significantly 
and positively correlated with lower-limb isokinetic 
strength parameters. Specifically, significant 
associations were observed between serve velocity and 
knee joint flexion and extension torques (p < 0.05).  

Serve velocity was positively correlated with hip joint 
isokinetic strength, with significant associations 
observed for hip flexion torques (p < 0.05). 
Additionally, hip extension torques at angular velocities 
of 60°·s⁻¹ and 240°·s⁻¹ were significantly related to serve 
velocity (p < 0.05). Moreover, CMJ performance 
showed a strong positive correlation with serve velocity 
(p < 0.01). 

The results of the multiple linear regression analysis 
are presented in Table 2. The model was found to be 
statistically significant and explained a substantial 
proportion of the variance in serve velocity (R2 = 0.797, 

F(1,15) = 58.808, p < 0.001). Knee flexion peak torque 
of the dominant limb at 240°·s⁻¹ was identified as a 
strong and positive predictor of serve velocity (β = 
0.893, p < 0.001). 
 

Discussion 
The present findings demonstrate that serve velocity is 
significantly associated with the lower-extremity 
isokinetic force profile and vertical jump performance. 
These results indicate that serve performance is not 
determined solely by the mechanical outputs of the 
upper-limb segments but rather reflects the 
contribution of lower-extremity kinetic processes to a 
kinematic performance outcome, namely serve velocity. 
This observation is consistent with the findings 
reported in the literature (Gorce & Jacquier-Bret, 2024; 
Liang et al., 2023).  

The relationships observed between serve velocity 
measured at low angular velocities and knee and hip 
extension torques suggest that the capacity to generate 
maximum torque may serve as a fundamental 
mechanical basis for effective service performance. 
Isokinetic assessments conducted at low angular 
velocities primarily reflect maximal force-generating 
potential, which is critical for establishing the initial 
mechanical conditions of the kinetic chain during the 
loading phase of the serve (Ganeva et al., 2025; 
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Hornestam et al., 2021; Lertwonghattakul et al., 2023), 
and have also been shown to explain lower-extremity-
derived functional performance indicators (Hammami 
et al., 2024). Accordingly, the ability of the lower 
extremities to generate substantial force against the 
ground can be considered a prerequisite for efficient 
energy transfer during the serve.  

In contrast, the significant associations observed 
between serve velocity and isokinetic torque values 
measured at higher angular velocities for both the knee 
and hip joints highlight the importance of the rate and 
efficiency of force production and transfer along the 
kinetic chain (Kumar et al., 2024; van Trigt et al., 2024). 
These findings emphasize that serve performance 
depends not only on the magnitude of force production 
but also on the temporal characteristics governing how 
rapidly this force can be expressed and transmitted.  

The relationship between knee flexion torque and 
serve velocity further suggests that the knee flexor 
musculature plays an active role beyond simple 
antagonistic stabilization. This finding is further 
strengthened by the regression analysis, which 
identified knee flexion torque of the dominant limb at 
high angular velocity as the only significant predictor of 
serve velocity. This result highlights the critical 
mechanical role of the knee flexors in serve 
performance. Knee flexors appear to contribute to 
dynamic joint control and the continuity of force 
transmission between lower-limb segments, thereby 
facilitating efficient mechanical linkage throughout the 
serve motion (Bilić et al., 2024; Brocherie & Dinu, 2022; 
Hornestam et al., 2021).  

In addition, the dominance-related differences 
observed in knee flexion and hip extension torques at 
higher angular velocities indicate task-specific 
neuromuscular adaptations of the dominant limb, likely 
reflecting the unilateral loading demands inherent to 
repeated serving actions. Such asymmetries may 
enhance force transfer efficiency during the loading and 
propulsion phases of the serve, while also highlighting 
the need for careful consideration of inter-limb load 
distribution in long-term training contexts. 

The relationships between hip flexion and extension 
torques and serve velocity reveal the decisive role of the 
hip joint in positioning the lower-extremity segments 
and maintaining pelvic motion during the serve. This 
indicates that hip function, which contributes to the 
efficient transfer of mechanical energy to the trunk and 
upper-extremity segments, is critical for serve 
performance (Jacquier-Bret & Gorce, 2024; Kumar et 
al., 2024). 

The significant relationship between CMJ 
performance and serve velocity further underscores the 
importance of the lower extremity’s ability to rapidly 
generate kinetic energy and convert it into functional 
acceleration. Given the brief duration of ball–racket 
contact during the serve, acceleration originating from 
the lower extremities must be both sufficiently high and 
precisely timed to meaningfully influence serve velocity 
(Dossena et al., 2018; Gorce & Jacquier-Bret, 2024; Kaya 
et al., 2018).  

Consistent with current literature, acceleration 
generated by the lower extremities during the tennis 
serve constitutes a prerequisite for effective pelvic 
elevation and subsequent angular acceleration of the 
trunk segments (Chapelle et al., 2023; Deng et al., 2024; 
Liang et al., 2023). Accordingly, the present findings 
suggest that force profiles identified through kinetic 
assessments will not optimally translate into serve 
velocity unless supported by appropriate temporal and 
segmental coordination. This perspective reinforces the 
view that serve performance emerges from the 
interaction between kinetic capacity and kinematic 
organization rather than from isolated neuromuscular 
factors (Bilić et al., 2025; Gorce & Jacquier-Bret, 2024). 

Multiple linear regression analysis indicates that 
serve velocity is largely explained by dominant limb 
knee flexion torque at high angular velocity. This 
finding can be attributed to the fact that, due to its high 
level of association with other variables, it represents a 
substantial portion of the shared variance within the 
model. Therefore, this parameter emerges as the 
variable that most clearly reflects the relationship with 
serve velocity among the neuromuscular characteristics 
examined. 

Conclusion 
This study demonstrates that tennis serve velocity is 
significantly explained by the isokinetic force 
characteristics of the knee and hip joints of the lower 
extremities, together with vertical jump performance. 
However, it also revealed that knee flexion torque 
measured at high angular velocity in the dominant 
extremity is the most prominent variable explaining 
serve velocity. Accordingly, it can be understood that 
serve performance is associated with the neuromuscular 
characteristics of the lower extremities, with force 
production capacity under high-velocity conditions 
emerging as particularly important. 

From an applied perspective, training interventions 
aiming to enhance serve velocity should concurrently 
target maximal lower-extremity strength and high-
velocity force production capacity. Emphasizing multi-
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joint, high-velocity strength exercises involving the 
knee and hip joints, supported by functional jump-
based training, may improve the efficiency of force 
transfer within the kinetic chain. In particular, focusing 
on improving the force production capacity of the knee 
flexor muscle group at high contraction velocities may 
be recommended. In this context, the use of plyometric 
applications that promote high-velocity force 
production, together with power-oriented resistance 
training performed at low loads may be considered an 
appropriate approach. 

Future studies in which isokinetic strength 
assessments are integrated with surface 
electromyography–based temporal activation patterns 
of lower-extremity muscles during the serve may 
contribute to a better understanding of the 
neuromuscular mechanisms linking force production to 
kinematic performance outcomes. 
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