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Determinant physical factors of stroke velocity and 
their relationship with fatigue in young tennis 

players 
 

 
Several physical abilities are considered as determinant performance factors that can 

differentiate the level and success of a tennis player. Alongside technical proficiency, 

tactical awareness and certain psychological traits, some physical capacities stand 

out as essential for improved performance. Among these aspects, stroke velocity 

seems highly relevant in all age groups and in both male and female participants. 

The ability to apply speed to the ball, especially in the serve, seems to give the player 

the capacity to dominate the point and therefore a higher advantage during match-

play. Previous literature has intended to establish the main physical traits that 

differentiate faster and slower strokes. It seems clear that these actions are of a 

multifactorial nature and that the outcome is the consequence of the summation of 

technical aspects, the anthropometric characteristics of the player, range of motion 

values and strength and power levels. Nevertheless, there is a certain interest in 

defining those physical aspects that determine velocity production in the various 

tennis strokes, alongside examining the possible differences between players of 

different ages and levels. Added, how these variables are affected by tennis 

competition seems essential towards training approaches and effective recovery 

strategies. 

 

This thesis aims at establishing those strength and power variables determinant for 

stroke velocity. Also, it intends to offer insights on novel measurements that may also 

be relevant contributors to velocity production and how these may be stimulated by 

new training methodologies. Last, how these determinant aspects are affected by 
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fatigue induced by match-play will also be examined. 

 

Towards these goals, eight studies were carried out. Studies 1 and 2 correlated 

strength and power measurements to stroke velocity. Studies 3, 4 and 5 examined 

match-induced changes in the relevant variables. Study 6 approached a novel 

training method towards velocity enhancement and studies 7 and 8 were reviews of 

the literature. 

 

Results of this research show that maximal dynamic strength does not seem to 

positively correlate to stroke velocity in young participants. On the other hand, 

isometric force-time curve variables such as the rate of force development and 

impulse in specific joint positions of the kinetic chain seem to be relevant to perform 

faster strokes in these populations. This indicates the importance of a player’s 

capacity to produce high levels of strength in short periods of time in multiple joint 

positions present in the motion. Because of this, training approaches that perform 

fast movements with light weights may be a valid option towards stroke velocity 

increases, although further research is needed to establish specific load prescriptions 

and injury risk. Also, contractile properties seem in some way relevant for velocity 

production, although an increased or decreased level of this variable may have a 

different effect on velocity production depending on the muscle group analysed. Last, 

single bouts of simulated match-play seem an insufficient load to elicit changes in 

determinant factors of stroke velocity, indicating that young players may need greater 

playing volumes or repetitive events to negatively affect these key variables. 

 

Key words: serve velocity, strength, power, training, physical determinants. 



- 27 -

 
 
 

 
 
 

- 24 - 

fatigue induced by match-play will also be examined. 

 

Towards these goals, eight studies were carried out. Studies 1 and 2 correlated 

strength and power measurements to stroke velocity. Studies 3, 4 and 5 examined 

match-induced changes in the relevant variables. Study 6 approached a novel 

training method towards velocity enhancement and studies 7 and 8 were reviews of 

the literature. 

 

Results of this research show that maximal dynamic strength does not seem to 

positively correlate to stroke velocity in young participants. On the other hand, 

isometric force-time curve variables such as the rate of force development and 

impulse in specific joint positions of the kinetic chain seem to be relevant to perform 

faster strokes in these populations. This indicates the importance of a player’s 

capacity to produce high levels of strength in short periods of time in multiple joint 

positions present in the motion. Because of this, training approaches that perform 

fast movements with light weights may be a valid option towards stroke velocity 

increases, although further research is needed to establish specific load prescriptions 

and injury risk. Also, contractile properties seem in some way relevant for velocity 

production, although an increased or decreased level of this variable may have a 

different effect on velocity production depending on the muscle group analysed. Last, 

single bouts of simulated match-play seem an insufficient load to elicit changes in 

determinant factors of stroke velocity, indicating that young players may need greater 

playing volumes or repetitive events to negatively affect these key variables. 

 

Key words: serve velocity, strength, power, training, physical determinants. 

 
 
 

 
 
 

- 25 - 

Factores determinantes de la velocidad de golpeo y 
su relación con la fatiga en tenistas jóvenes 

 
La velocidad de golpeo es un factor determinante del rendimiento en todos los 

grupos de edad y tanto en el tenis masculino como femenino. Parece claro que la 

capacidad de aplicar velocidad a la bola es de naturaleza multifactorial y que el 

resultado es la consecuencia de la suma de los aspectos técnicos, las 

características antropométricas, el rango de movimiento y los niveles de fuerza. No 

obstante, existe cierto interés por definir aquellos aspectos físicos que condicionan la 

velocidad en los distintos golpes, además de examinar las posibles diferencias entre 

jugadores de distintas edades y niveles. Conjuntamente, la forma en que estas 

variables se ven afectadas por la competición parece esencial para enfocar el 

entrenamiento y las estrategias de recuperación. 

 

Esta tesis tiene como objetivo establecer aquellas variables de fuerza y potencia 

determinantes para la velocidad de golpeo. Además, ofrecer información sobre 

nuevas variables que también pueden ser relevantes para la producción de 

velocidad y cómo pueden entrenarse con nuevas metodologías de entrenamiento. 

Por último, también se examinará cómo estos aspectos determinantes se ven 

afectados por la fatiga inducida por la competición. Para ello, se llevaron a cabo 

ocho estudios. 

 

Los resultados muestran que la fuerza dinámica máxima no parece correlacionarse 

positivamente con la velocidad de golpeo. Por otro lado, las variables isométricas 

derivadas de la curva fuerza-tiempo parecen ser relevantes para realizar golpeos 

más rápidos. Esto indica la importancia de la capacidad de un jugador/a de producir 
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altos niveles de fuerza en cortos períodos de tiempo en múltiples posiciones 

articulares presentes en el movimiento deportivo. Además, ciertas propiedades 

contráctiles parecen ser relevantes para la producción de velocidad, aunque un 

mayor o menor nivel de esta variable puede tener un efecto positivo o negativo 

dependiendo del grupo muscular analizado. Por último, partidos simulados de unos 

80 minutos parecen ser una carga física insuficiente para provocar cambios en los 

factores determinantes, lo que indica que los jugadores jóvenes pueden necesitar 

mayores volúmenes de juego o competiciones repetidas para afectar negativamente 

estas variables. 

 
Palabras clave: velocidad de servicio, fuerza, potencia, entrenamiento, factores 

determinantes. 

  



- 29 -

 
 
 

 
 
 

- 26 - 

altos niveles de fuerza en cortos períodos de tiempo en múltiples posiciones 

articulares presentes en el movimiento deportivo. Además, ciertas propiedades 

contráctiles parecen ser relevantes para la producción de velocidad, aunque un 

mayor o menor nivel de esta variable puede tener un efecto positivo o negativo 

dependiendo del grupo muscular analizado. Por último, partidos simulados de unos 

80 minutos parecen ser una carga física insuficiente para provocar cambios en los 

factores determinantes, lo que indica que los jugadores jóvenes pueden necesitar 

mayores volúmenes de juego o competiciones repetidas para afectar negativamente 

estas variables. 

 
Palabras clave: velocidad de servicio, fuerza, potencia, entrenamiento, factores 

determinantes. 

  

 
 
 

 
 
 

- 27 - 

Factors determinants de la velocitat de colpeig i 
relació amb la fatiga en tennistes joves 

 

La velocitat de colpeig és un factor determinant del rendiment en tots els grups 

d'edat i tant al tennis masculí com femení. Sembla clar que la capacitat d'aplicar 

velocitat a la bola és de naturalesa multifactorial i que el resultat és la conseqüència 

de la suma dels aspectes tècnics, les característiques antropomètriques, el rang de 

moviment i els nivells de força. No obstant això, hi ha un cert interès per definir 

aquells aspectes físics que condicionen la velocitat en els diferents cops, a més 

d'examinar les possibles diferències entre jugadors de diferents edats i nivells. 

Conjuntament, la manera com aquestes variables es veuen afectades per la 

competició sembla essencial per enfocar l'entrenament i les estratègies de 

recuperació. 

 

Aquesta tesi té com a objectiu establir aquelles variables de força i potència 

determinants per a la velocitat de colpeig. A més, oferir informació sobre noves 

variables que també poden ser rellevants per a la producció de velocitat i com es 

poden entrenar amb noves metodologies d'entrenament. Per acabar, també 

s'examinarà com aquests aspectes determinants es veuen afectats per la fatiga 

induïda per la competició. Per això, es van dur a terme vuit estudis. 

 

Els resultats mostren que la força dinàmica màxima no sembla correlacionar-se 

positivament amb la velocitat de colpeig. D'altra banda, les variables isomètriques 

derivades de la corba força-temps semblen ser rellevants per fer cops més ràpids. 

Això indica la importància de la capacitat d'un jugador de produir alts nivells de força 

en curts períodes de temps en múltiples posicions articulars presents al moviment 
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esportiu. A més, sembla que certes propietats contràctils poden ser rellevants per a 

la producció de velocitat, encara que un major o menor nivell d'aquesta variable pot 

tenir un efecte positiu o negatiu depenent del grup muscular analitzat. Finalment, 

partits simulats d'uns 80 minuts semblen ser una càrrega física insuficient per 

provocar canvis en els factors determinants, cosa que indica que els jugadors joves 

poden necessitar més volums de joc o competicions repetides per afectar 

negativament aquestes variables. 

 

Paraules clau: velocitat de servei, força, potència, entrenament, factors 

determinants  



 
 
 

 
 
 

- 28 - 

esportiu. A més, sembla que certes propietats contràctils poden ser rellevants per a 

la producció de velocitat, encara que un major o menor nivell d'aquesta variable pot 

tenir un efecte positiu o negatiu depenent del grup muscular analitzat. Finalment, 

partits simulats d'uns 80 minuts semblen ser una càrrega física insuficient per 

provocar canvis en els factors determinants, cosa que indica que els jugadors joves 

poden necessitar més volums de joc o competicions repetides per afectar 

negativament aquestes variables. 

 

Paraules clau: velocitat de servei, força, potència, entrenament, factors 

determinants  

 
 
 

 
 
 

- 30 - 

 
 

FRAMEWORK 



!
!
!

!
!
!

"!)!"!

!  



- 33 -

 
 
 

 
 
 

- 31 - 

INTRODUCTION 

Any tennis point during competition starts with a serve. This specific shot is the only 

action of the game that fully depends on the player’s capacity to perform efficiently 

and effectively since the ball is put into play by the athletes themselves. Due to this 

particularity of the sport, the serve is often considered the most decisive action of the 

game and can greatly affect the outcome and result, as players can dominate a rally 

or win the point directly through an ace (Fitzpatrick et al., 2019; Gillet et al., 2009; 

Kovacs & Ellenbecker, 2011; Ulbricht et al., 2016). This action is of paramount 

importance as studies show a player’s competitive level is directly correlated to serve 

speed (SV) (Girard et al., 2005). In addition to this, the serve is the most repeated 

shot in competition and during a typical serving game, it accounts for 45% to 60% of 

all strokes (Johnson & McHugh, 2006). It must be said that in men's tennis this 

situation occurs more often than in women's tennis, being more decisive in terms of 

winning a greater number of points if the service is precise (O’Donoghue & Ingram, 

2001) Nevertheless, velocity is increasing in women’s tennis, and serves exceeding 

200km·h-1 can sometimes be seen in professional competitors (Fett et al., 2020). If 

we add to this the frequency of service actions per match, the importance is even 

more accentuated. Typically, a tennis player performs about 7-8 services per game 

on serve and about 31 games per match in a three-set competition. If to this load we 

add the participation in about 6/7 matches per week/tournament in the case of 

reaching the final rounds, total volume can result in more than 1000 serves per 

competition, with its consequent importance and influence on the game (Johnson & 

McHugh, 2006). 

 

Although in a slightly different manner, groundstroke performance can certainly affect 
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the game and determine dominance and initiative during points (Landlinger et al., 

2012). While a higher hitting speed in these actions may not always be the best 

tactical choice, data suggests both women and men’s tennis have evolved from a 

more technical slow-paced sport towards an explosive and highly dynamic discipline 

(Fernandez-Fernandez et al., 2014; Kovacs, 2006; Reid et al., 2015). Due to this 

reason, the nature of the game has changed and shorter points with greater power-

based output from a physical perspective have seemed to appear (Galé-Ansodi et 

al., 2017; Gale-Watts & Nevill, 2016). In this regard and as mentioned, hitting at a 

greater speed in groundstrokes may not be necessarily the best option in some 

competitive situations, but the capacity to produce faster and more powerful strokes 

seems of extreme interest for the modern tennis player. Added to this, men 

(Fernandez-Fernandez et al., 2009; Landlinger et al., 2012; Pluim, 2006) and women 

(Kraemer et al., 1995, 2003) with a greater level in junior and highly competitive 

contexts show higher hitting speeds generally in all strokes in comparison to players 

ranked lower (Gillet et al., 2009), most likely benefiting from being able to perform 

these actions when required. While the rationale explaining the importance of high 

hitting speeds could seem addressed to professional high-level players, junior 

athletes also seem to benefit from these enhanced capacities u(Fett et al., 2020; 

Ulbricht et al., 2016).  

 

As knowledge around strength and conditioning methods and techniques increases, 

coaches and practitioners have the option to directly impact the players’ game 

through an enhanced velocity of main tennis actions. With such a goal in mind, 

underpinning the determinants that affect the capacity of young tennis players to 

develop velocity and apply it to their strokes while competing seems of great 
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importance to address physical training appropriately. Notwithstanding, tennis 

strokes are considered complex motor actions involving many body structures and 

segments benefiting from energy transfer through what is known as the kinetic chain 

(Kibler et al., 2007). As with any complex motor skill, many physical characteristics 

affect the outcome and the importance of these key factors may vary between 

playing levels, age, or gender (Fett et al., 2020; Girard & Millet, 2009). Many studies 

have attempted to identify these parameters suggesting four main pillars have the 

potential to affect the velocity of a stroke. Biomechanical patterns or technique, range 

of motion (ROM), anthropometry, and strength or power levels seem the most 

important factors towards increased speed (Baiget et al., 2016; B. Elliott, 2006; Fett 

et al., 2020; Palmer et al., 2018; Vaverka & Cernosek, 2013). Different investigations 

have given a clear idea of which specific parameters are mostly present in those 

players that hit faster, although most studies have focused on experienced male 

competitive players that show specific playing and physical characteristics. There is a 

lack of literature regarding the extent and the influence of each one of these main 

physical parameters and the inclusion of further indicators in assessments. Also, a 

perspective of how these physical parameters affect differently if analysing younger 

participants could be of great interest. Alongside this, besides identifying those 

parameters that better predict a faster stroke in different populations, training 

programs and interventions have been studied to increase velocity production 

throughout the improvement of the aforementioned physical capacities. Diverse 

training methods and equipment (i.e., ballistic, plyometric, traditional resistance, 

flywheel-based, etc) have been concluded effective to increase hitting velocity in 

certain populations (Barber-Westin et al., 2010; Behringer et al., 2013; Canós et al., 

2022; Fernandez-Fernandez et al., 2016; Genevois et al., 2013; Kraemer et al., 
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2003). However, the individualization of these approaches, the periodization, and 

organization of the program, alongside identifying the more efficient training methods 

in terms of improvement seem essential to be able to achieve the desired outcome 

(Canós et al., 2022; Fernandez-Fernandez et al., 2018; Kraemer et al., 2003). 

Parallelly, providing coaches and practitioners with novel and effective training 

methods that increase velocity production could be of interest.  

 

In the same way, the main physical determinants of stroke velocity can be greatly 

affected by fatigue derived from competition. Competitive tennis, even at young ages, 

requires players to participate in numerous matches, multiple draws, and a high 

volume of events year-round. Competitions are usually organized on consecutive 

days and can even take part in one same day when referring to younger players 

(Gescheit et al., 2015). These specific needs give importance to the players’ capacity 

to recover effectively after these competitive bouts. As well as identifying the 

determining factors influencing velocity production in main strokes, how these 

variables are affected by competition seems of extreme importance to address 

training and recovery effectively. 
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Several studies have aimed at establishing the principal determinants of velocity in 

the main tennis strokes. However, as a complex motor skill, many aspects influence 

the outcome and different authors have approached this issue from different 

perspectives. Following a thorough review, investigations seem to agree on grouping 

these determinant characteristics into four main groups. Technique and 

biomechanics, anthropometric characteristics, strength and power levels, and range 

of motion capacities seem to include all identified physical factors affecting stroke 

velocity. Consequently, this work will initially aim at reviewing the literature towards 

an understanding of those aspects that mostly differentiate players that can produce 

faster strokes. Parallelly, a critical analysis will be performed to identify those aspects 

still not clear or not yet investigated regarding the previously mentioned main pillars.  

 

TECHNICAL AND BIOMECHANICAL APPROACH 

From a technical perspective, tennis strokes, like any other motor skill, seem to 

demand a certain technical execution to achieve the most efficient and effective 

results. More specifically regarding the capacity of a player to produce faster strokes, 

several studies have aimed at identifying the key biomechanical aspects an effective 

serve, forehand, or backhand should include. Much more thoroughly than 

groundstrokes, the serve has been studied to provide players and coaches with 

optimal technical indications and aspects identified with faster servers (B. Elliott, 

2006; B. Elliott et al., 1995; Fleisig et al., 2003, 2003; Hernández-Davó et al., 2019; 

Kovacs & Ellenbecker, 2011; Martin et al., 2013; Reid et al., 2008; Roetert, 

Ellenbecker, et al., 2009; Roetert, Kovacs, et al., 2009). As a key starting point, the 

speed of the head of the racquet and posterior transfer to the ball is the main aspect 

technical proficiency aims at. Towards this, the height of impact and the amount of 
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momentum and forward rotation applied to the ball seems the principal contributors 

towards increasing the head of the racquet’s speed. The role of angular velocity 

vectors of the upper arm, forearm, and hand in generating this speed seems 

essential (B. Elliott et al., 1995). Specifically, hand flexion, trunk rotation, upper arm 

flexion and abduction, alongside the internal rotation of the shoulder are of 

paramount importance to produce fast speeds. This internal rotation motion has been 

identified as a major contributor to speed as it is mainly in charge of accelerating the 

upper arm and building up angular velocity in the swing to impact. However, this 

mainly accounts for the moment of impact in the upper arm, while the serve is a 

complex motor skill involving several body structures and phases. In this line, arm 

pronation is responsible for racquet orientation while elbow extension has a high 

influence on impact height, which is another contributor to head racquet speed (B. 

Elliott, 2006; B. Elliott et al., 1995). However, as a skill involving not only the upper 

arm, other body segments have also been identified as key elements for velocity 

production. Trunk rotation plays a main role in this matter, and authors have 

identified the side positioning of the trunk as an enabler of producing extra rotation in 

the horizontal plane to produce a shoulder-over-shoulder orientation increasing 

available space and energy storage to transfer to the consequent structure and 

phase of the serve. Also, authors point out the importance of pelvic and lower limb 

drive as the starting point of the kinetic chain to produce velocity to the serve. 

Extension moments in the lower limbs and internal rotation motion in the back hip 

seem essential towards this goal (B. Elliott, 2006; Reid et al., 2008; Sweeney et al., 

2012). Because of the fact of being a skill with several phases, the preferred 

biomechanical layout for faster serves or strokes depends on which specific stage of 

the stroke is being analyzed. Kovacs and Ellenbecker (2011) suggested the use of a 
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serves, however, it seems clear that literature establishes knee extension and lower 

leg drive, hip and trunk rotation and elbow extension, shoulder internal rotation, and 

hand/wrist flexion as the major contributors to angular momentum towards 

transferring speed to the head of the racquet and posteriorly to the ball (Table 1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Segment contribution (%) to racquet velocity.  

 

These motions and body positions seem to be the most correlated to successful fast 

serves and performed by those players capable to apply speed to the ball effectively 

(Fleisig et al., 2003). In this line, main aspect differentiating younger and lower 

ranked players with their more experienced peers appears to be the spatial position 

of the hand with respect to the hip before impact. Added to this, external rotation 

range of motion levels alongside the capacity to reach high velocity in internal 

rotation and elbow extension motions seem to affect to a great extent the capacity to 

produce fast serves (Hernández-Davó et al., 2019). 

 

 
Elliot et al., 

1995 

Springings et al., 

1994 

Tanabe et al., 

2007 

Nº Players 11 1 66 

Trunk Flexion 9,7 ± 1.8 7,4 - 

Shoulder Internal Rotation 12,9 ± 4.1 30 41,1 ± 14.7 

Shoulder Horizontal Flexion 

and Abduction 
12,9 ± 5.9 24 6,4 ± 6.4 

Elbow Extension 14,2 ± 6.4 - 3,2 ± 3.2 

Elbow Pronation 5,2 ± 4.1 15 3,6 ± 3.6 

Wrist Flexion 30,6 ± 9.1 26 31,7 ± 7.5 

Wrist Ulnar Deviation 0,6 ± 1.2 - 0,8 ± 5.9 
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Regarding groundstrokes, some investigations have also analyzed the preferred 

technical patterns to increase velocity production (Bahamonde & Knudson, 2003; 

Genevois et al., 2015; Landlinger et al., 2010; Roetert, Kovacs, et al., 2009). First, 

the tactical situation and moment of play do not necessarily imply the use of maximal 

velocity. Nevertheless, being able to generate high velocity groundstrokes when 

needed remains important for the modern tennis player and is a distinctive trait of 

higher and lower ranked players (Landlinger et al., 2010, 2012). Faster 

groundstrokes, as happens regarding the serve, rely on greater angular velocity of 

the segments implied in the motion (i.e., legs, pelvis or hip, trunk, upper arm, elbow, 

and wrist) Figure 2.  

 

Figure 2. Segment angular velocity differences between elite and high-performance players. Adapted 
from Landlinger et al., (2010). 

 

From a starting point involving leg positioning, the fact that a player uses a closed or 

open stance directly affects velocity. Linear momentum is generated from the ground 

reaction forces (GRF) generated and transferred upwards through the kinetic chain. 

Closed stances take longer to be executed but they seem to generate greater linear 

and angular momentum as the rotation of the legs, hips, trunk, and upper arm 
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segments seem to benefit from this back to forward rotational movement 

(Bahamonde & Knudson, 2003). On the other hand, in the open stance, linear 

momentum is diminished, and the generation of velocity relies on rotation of 

segments in a shorter period. Although closed stances seem to benefit from greater 

rotations and energy build up, tennis has become a fast-paced sport and time to 

execute strokes is limited. Players adapt to these issues and can perform fast 

groundstrokes in open stance positions (Figure 3). In this line, other kinematic 

peculiarities appear determinant for velocity production. In the backswing motion, the 

fact of using a traditional straight form allows more control to the player over the ball, 

but literature suggests the loop backswing allows further energy storage over an 

increased racquet pathway (Roetert, Kovacs, et al., 2009). In any case, for more 

power and efficiency, the motion should be fluid and coordinated from the backswing 

position towards the impact spot. Regarding acceleration or forward swing, ideal 

technical indications vary between suggesting the individual segments (i.e., upper 

arm, forearm, and hand) move relative to each other to generate velocity or pivoting 

as a single unit over the rotational axis to generate speed to the shot (Bahamonde & 

Knudson, 2003). The previous phases could be similarly approached regardless 

speaking of the forehand or backhand strokes. Nevertheless, when analyzing the 

later, some differences appear as this stroke can be performed using a two-handed 

or one-handed style. Although the one-handed form seems to develop more 

momentum relying on upper arm segment rotations, the two-handed backhand can 

also achieve high values of velocity based on trunk rotation, although slightly limited 

in open stance positions (Genevois et al., 2015) (Figure 3). Regardless the style, 

trunk rotation seems essential to transfer ground reaction forces to upper body 

segments. Optimal rotation facilitates force production at the shoulder and clear 
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ANTHROPOMETRIC CHARACTERISTICS 

Anthropometric characteristics influence the capacity of a player to produce velocity 

to a stroke. In this sense, longer limbs may aid in enhancing the lever arm and apply 

higher speed to the ball. In the same way, a greater mass could apply a superior 

acceleration to the racquet and therefore result in a faster shot. Interestingly, some 

anthropometric traits are due to appear as the athlete develops chronological and 

biologically, while on the other hand, certain qualities can be affected and modified 

through effective training. With this idea in mind, it seems interesting for coaches and 

professionals to have knowledge around which anthropometric characteristics are 

directly linked with faster strokes, and therefore have a clear picture towards talent 

identification and certain attributes that may be worth achieving through a structured 

physical development program.  

 

Literature has mainly focused on those anthropometric characteristics that relate to 

faster serves, as it is the most studied shot due to its importance. Specifically, body 

height (BH) has been pointed out as the most important factor affecting the capacity 

to produce high velocity serves. Notwithstanding, the height of the impact location 

(Figure 4) seems to be the determinant aspect that determines if a serve can be 

performed at a higher or lower speed (Vaverka & Cernosek, 2013). Hitting the ball in 

a higher spot allows the tennis player to have more available space to produce speed 

and achieve a better trajectory which traduces into faster SV (Vaverka & Cernosek, 

2013). When establishing a higher impact spot as the determinant factor affecting 

SV, some anthropometric characteristics mainly correlate to the capacity of a player 

to achieve these higher locations. On the one hand, BH seems to be the factor most 

affecting SV in male competitors, with a greater influence than seen in female players 
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– 0.40**; r = 0.577**) have been found to correlate positively to the capacity of 

producing speed in several studies in both men and women (Fett et al., 2020; Hayes 

et al., 2021; Wong et al., 2014). Nevertheless, this relation did not seem as strong 

when referring to elite players (Baiget et al., 2022). Following allometric theory, an 

increment in BM in accordance with BH can traduce into an increment in torque 

production (Wong et al., 2014). Therefore, an increment in BM with close control on 

fat ratios and lean mass development may assist in the capacity of producing faster 

strokes (Baiget et al., 2022). Nonetheless, and contrary to BH, BM has shown 

stronger relations to SV in female populations (Fernandez-Fernandez et al., 2019; 

Fett et al., 2020). It might seem that the specific demands of female competition (i.e., 

lower shot frequency) may request profiles to shift towards players with a tendency to 

endomorph body types (Fett et al., 2020), unlike male players, which possibly rely 

more thoroughly on higher impact locations and other related physical factors 

influencing SV. Last, and as a factor to consider, while traits such as BH and AL may 

be useful tools for talent identification and long-term development control, important 

aspects such as BM and BMI may be modifiable parameters through training. 

Programs should be optimized to improve muscle growth and fat to lean mass ratios 

trying not to induce detrimental effects on speed and agility actions. 

 

MAXIMAL DYNAMIC AND ISOMETRIC STRENGTH 

Besides the importance of anthropometric parameters in achieving greater velocity 

production in tennis strokes, knowledge around strength related factors affecting 

speed has received thorough attention in the literature. Different strength aspects 

have been identified to affect to some extent all strokes.  
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Theoretically, the need for maximum dynamic strength (MDS) during a shot seems 

low, as the action is performed at maximal velocity with a relatively lightweight 

implement such as the racquet. (i.e., between 200-400 g) (Kraemer et al., 2003). In 

this line, studies correlating MDS or isokinetic strength values and stroke speed did 

not find significant positive associations between these variables (Cohen et al., 1994; 

Kraemer et al., 2003). Enhanced MDS may aid in other important aspects such as 

muscular balance, local muscle endurance, or overall strength gains (Kovacs & 

Ellenbecker, 2011), but does not seem to have a direct influence on stroke velocity. 

Other strength indicators such as maximal isometric strength (MIS) tested via 

handgrip, which is a common measure in children to estimate upper-body strength, 

have previously been related to faster serves (Fett et al., 2020). Nevertheless, MIS 

tested at different joint positions present in the kinetic chain of the stroke motion has 

been a more common choice to establish some influence on the velocity outcome. 

Although there are mechanical and neural differences between a dynamic and static 

muscular action, and isometric testing may be deemed inappropriate for assessing 

dynamic performance (Fernandez-Fernandez et al., 2014), conducting these tests at 

specific joint angles may be suitable (Bazyler et al., 2015). Most investigations found 

the shoulder internal rotation (SHIR) as the main contributor to greater SV (Baiget et 

al., 2016, 2021; Cools et al., 2014; B. Elliott et al., 1995; Hayes et al., 2021). This 

seems logical as the internal rotation plays a great role as a key element to 

developing high racquet velocities (B. Elliott, 2006). As a complex motion throughout 

a kinetic chain that builds-up energy from the legs to the tip of the racquet (Kibler et 

al., 2007), other positions involved in the motion have also been tested. Shoulder 

flexion-extension (SHF and SHE), leg and back extension, and shoulder external 

rotation (SHER) showed low to moderate correlations with serve velocity in Baiget et 
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rotation (SHER) showed low to moderate correlations with serve velocity in Baiget et 
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al., (2016), probably indicating that although these movements are part of the motion, 

isolated variables without the combination of other aspects are not a strong predictor. 

When conducting a multivariate analysis to predict serve velocity in the same study, 

the authors found that 55% of the SV was explained by the combination of SHIR and 

SHF MIS. Notwithstanding, these findings do not seem to be as clear when referring 

to groundstrokes. Literature is scarce when investigating the associations between 

groundstroke velocity and MIS in SHIR or positions more specific to the forehand and 

backhand such as shoulder horizontal abduction (SHABD) and adduction (SHADD). 

How this specific level of maximum strength influences groundstrokes has not been 

thoroughly addressed either in high level, competitive or younger unexperienced 

players. Narrowing down to just one physical aspect when speaking of thoroughly 

complex motor actions such as tennis groundstrokes in which generating maximal 

velocity is not always the preferred option, that imply the use of diverse body 

structures and abilities (i.e., core, legs, GRF), and that rely strongly on technical 

proficiency may not be the best option. Most likely, as expressed when discussing 

the serve, isolated variables do not explain velocity production by themselves. 

Instead, the combination of not only physical aspects, but technical and coordinative 

skills may establish the overall capacity of the player to produce speed to the shot. 

Last, as some authors point out (Baiget et al., 2016), investigations finding strong 

associations between MIS values and SV were performed with elite or high skilled 

players that respond to professional populations. Interestingly, various conclusions 

can be drawn out after analyzing the importance and influence of different strength 

and power variables in junior and more experienced competition players of a greater 

level (Fett et al., 2020; Girard & Millet, 2009; Kraemer et al., 2003). As previous 

research suggests, there is a possibility that competitors of different characteristics 
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extremely short. Therefore, the ability to generate high levels of power in short 

periods seems a skill tennis players would certainly benefit from. Baiget et al., (2021) 

tested the relationship between SV and RFD or impulse at different short time 

intervals (i.e., 0-250 ms) in competition players. Authors found evidence on how a 

greater level of these variables, the ability to produce force rapidly and accumulate it 

during a given period, especially in rotational movements and positions present in the 

kinetic chain, seems to be determinant to generate high speed serves. Similarly, to 

MIS levels, early stages of contraction (<100 ms) during the SHIR or SHF explained 

around 50% of the SV variability, suggesting the combination of multiple positions, 

body structures and other aspects not involving strength parameters should explain 

the totality of stroke performance. However, although rapid force production seems to 

have potential to be considered a key physical factor affecting stroke velocity, no 

studies to our knowledge have included the assessment of these variables in young 

participants of lower playing level. Moreover, as previously mentioned, tennis strokes 

are considered complex motor skills involving the body globally. Although strong 

associations may have been found regarding the upper limb structures and joint 

positions, if rate of force development or impulse values of the lower body affect to a 

similar extent velocity production remains unknown. Hayes et al., (2018) found the 

influence of impulse at different time intervals (i.e., 100 and 200 ms) in an isometric 

mid-thigh pull test to correlate positively with SV, although to our knowledge no 

further investigations have attempted to study peak rate of force development 

(PRFD), RFD at short intervals or IMP in other time frames in predominantly lower 

body positions. 



- 54 -

 
 
 

 
 
 

- 52 - 

 

Figure 6. Force-time curve variables. Adapted from Baiget et al., (2021). 

 

Although certain isometric force-time curve values seem to have a strong association 

with velocity production, literature has previously considered the stretch-shortening 

cycle (SSC) nature of the action as highly relevant. As previously indicated, tennis 

strokes are highly dynamic actions performed at high speeds with relatively light 

weights or loads to mobilize. The technical execution of these motions demands a 

pre-stretching of the main muscle groups involved in the kinetic chain and important 

elastic energy storage to emphasize the rebound capacity of the muscle. Therefore, 

other testing procedures have intended to mimic these demands and establish 

relations between power output and velocity production. Medicine ball throws (MBT) 

are a useful tool to assess these power demands (Fernandez-Fernandez et al., 2019; 

Fett et al., 2020). A big number of studies have found positive correlations between 

MBT distance and speed and serve and groundstrokes velocity (Delgado-García et 

al., 2019; Fernandez-Fernandez et al., 2019; Fett et al., 2020; Terraza-Rebollo et al., 

2017a). These associations have been found to be strong in female (r = 0.2 – 0.63) 
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strong associations between the two variables (Baiget et al., 2016; Bonato et al., 

2014; Dossena et al., 2018). Moreover, the height of ball impact does not seem 

relevant in groundstroke velocity production and jumping height has not been 

thoroughly studied in literature as data is scarce when referring to groundstrokes. It 

could be that the ability to sprint and move faster on the court to get into a good 

position before hitting the groundstroke may give more time to the player and 

influence on some extent velocity production if needed, but this is speculative. 

Despite this, some investigations found a positive effect of certain lower body 

strength measurements and SV. Knee extension velocity (r = 0.75) and strength (r = 

0.36) were predictors of those players that served faster (Pugh et al., 2003; Wong et 

al., 2014). Also, IMP during the isometric mid-thigh pull (IMTP) (r = 0.87), jumping 

height while performing a CMJ (r = 0.72; 0.77) or hop tests (r = 0.31-0.36) have 

previously established significant correlations to speed production (Hayes et al., 

2021; Palmer et al., 2018). The mentioned studies give importance to GRF and the 

ability of players to transfer built-up strength and power from lower to the upper body. 

Generating greater levels of strength in the legs traduces in higher ground reaction 

forces (Girard & Millet, 2009; Kibler et al., 2007; Palmer et al., 2018), and, if the 

transfer throughout the kinetic chain is effective, the outcome of the stroke will be 

benefited. Because of the complexity of maintaining the built-up strength levels and 

transferring them to the racquet head with minimum energy waste, literature seems 

to agree on suggesting the lower body has a coordinative role in the serve motion. 

Although producing high levels of strength and power seems important, the transfer 

of this energy suggests the legs be more likely used for coordinative and technical 

purposes rather than affecting stroke velocity directly. Regarding these strength 

transfer needs; some studies have also agreed on establishing the contribution of the 
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(recovery of the muscle’s initial shape after contraction or removal of an external 

force), and time to relaxation (time for the muscle to restore its initial shape after 

external force) (Ko et al., 2018), may to some extent affect velocity production. To 

date, some studies have investigated the influence of these parameters on diverse 

performance aspects concluding an enhanced level is determinant for predominantly 

lower body actions such as bounding, jumping, and sprinting (Kalkhoven & Watsford, 

2018; Pruyn et al., 2014). A global movement such as a tennis stroke is performed 

rapidly with a great influence of diverse SSC throughout the kinetic chain. 

Nevertheless, the action is not performed in response to a rebound against the floor 

or a surface but instead, energy is built up from the lower body towards the head of 

the racquet to develop speed (Kibler et al., 2007). There could be benefits from an 

enhanced or specific level of muscle mechanical properties, but literature is scarce in 

this sense. These measurements have not been thoroughly investigated in striking, 

hitting, or throwing motions. Sheehan et al., (2019) measured the influence of 

individual muscle stiffness and vertical stiffness on clubhead speed in male golfers 

finding a greater level of lower body values positively correlated to speed and carry 

distance. As suggested by the authors, stiffer systems may reduce the time needed 

to reduce the ‘slack’ from the elastic component and therefore reduce 

electromechanical delay and enhance rate of force development (Sheehan et al., 

2019). Alongside this, derived neuromechanical factors such as tone, elasticity, or 

time to relaxation may also influence to some extent the capacity of a player to 

produce power and therefore affect velocity production. Interestingly, as tennis 

motions are complex skills influenced by ROM or technical parameters, stiffer 

structures may aid in generating greater power but counterproductively affect 

biomechanical key factors that guarantee effective strokes. Pruyn et al., (2012) found 
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the racquet to develop speed (Kibler et al., 2007). There could be benefits from an 

enhanced or specific level of muscle mechanical properties, but literature is scarce in 

this sense. These measurements have not been thoroughly investigated in striking, 

hitting, or throwing motions. Sheehan et al., (2019) measured the influence of 

individual muscle stiffness and vertical stiffness on clubhead speed in male golfers 

finding a greater level of lower body values positively correlated to speed and carry 

distance. As suggested by the authors, stiffer systems may reduce the time needed 

to reduce the ‘slack’ from the elastic component and therefore reduce 

electromechanical delay and enhance rate of force development (Sheehan et al., 

2019). Alongside this, derived neuromechanical factors such as tone, elasticity, or 

time to relaxation may also influence to some extent the capacity of a player to 

produce power and therefore affect velocity production. Interestingly, as tennis 

motions are complex skills influenced by ROM or technical parameters, stiffer 

structures may aid in generating greater power but counterproductively affect 

biomechanical key factors that guarantee effective strokes. Pruyn et al., (2012) found 
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a relationship between leg stiffness and soft tissue injuries in Australian footballers, 

suggesting increased peak shock forces provoked by greater levels may interpose 

technical proficiency or limit ROM in certain body structures (Brazier et al., 2019). In 

short, the level of certain mechanical muscle properties could affect velocity 

production, but a sweet spot seems to be necessary to benefit from these 

characteristics without high jacking technique, ROM, or increase injury risk because 

of extremely stiff structures. In any case, no studies to our knowledge have 

attempted to correlate neuromechanical muscle values and stroke velocity in young 

tennis players. 

 

RANGE OF MOTION 

Alongside strength and power measurements, ROM has shown some relationship to 

stroke velocity, mainly during the serve (Cohen et al., 1994; Palmer et al., 2018; 

Wong et al., 2014). Increased mobility around joints that are directly implicated in the 

shot motion (i.e., shoulders or hips) seems to be important to serve faster. In a 

similar way to the ability to achieve higher impact points when serving, an increased 

ROM in the acceleration phase may give the player more available space and time to 

develop power and apply a greater acceleration to the racquet. General shoulder 

ROM has been deemed important towards being able to generate velocity (Wong et 

al., 2014), and specific aspects such as an increased wrist flexion (WRF) (r = 0.338*) 

and SHIR (r = 0.324*) have been linked to enhanced serving (Cohen et al., 1994). 

Regarding the lower body, similar outcomes appear around the hip (r = 0.39), as an 

increased ROM may promote certain degrees of freedom for the lower extremities 

during the dynamic loading and preparation during the acceleration phase.  
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TRAINING METHODS FOR STROKE 
VELOCITY ENHANCEMENT 
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As discussed, the multifactorial nature of velocity production during tennis strokes 

has resulted in the use of diverse training methods aiming at improving determinant 

physical factors. Nonetheless, it remains unclear which program obtains greater 

results, following which frequency, volume, or intensity. Also, sex, age and level 

differences clearly affect the effectiveness of the program and research has aimed at 

solving these issues. In this line, finding those traditional methodologies that 

positively affect stroke velocity is of paramount importance alongside analysing new 

training methods that adapt to the physical characteristics present during play. 

 

CONVENTIONAL ECCENTRIC AND CONCENTRIC 
RESISTANCE TRAINING 
Programs including strength exercises around the shoulder joint, as it seems the 

most important during tennis strokes, have resulted in positive outcomes. (Mont et 

al., 1994) tested the effectiveness of a concentric or eccentric based resistance 

program using an isokinetic dynamometer three times a week during six weeks. Both 

programs seemed to be useful tools to improve SV increasing values around 11%. 

(Treiber et al., 1998) also found that following a program based on TheraBand® and 

lightweight dumbbell training was sufficient to increment torque in SHIR (23.8%) and 

SHER (17.8%), alongside SV (6 – 7.9%). The mentioned studies found 

improvements in experienced populations of a certain age and level. Canós et al., 

(2021) found that 8 weeks of training using traditional guided machines enhanced 

upper body power levels (i.e., MBT velocity) but SV remained unaltered in junior 

participants. In this same line, Behringer et al., (2013) did not find the same outcome 

when testing a resistance training program (around 65 – 85% RM) compared to a 

plyometric setting during 8 weeks in young competitors. Contrary, only the plyometric 
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component of the power equation (Reid & Schneiker, 2008). If the intended velocity 

of movement is maximal, increases in muscle size and type II muscle fibers will 

appear as an adaptation to heavy-loaded training (Reid & Schneiker, 2008). Also, 

these programs have been considered useful to reduce fat percentages and 

increasing muscle mass indexes (Kraemer et al., 2000, 2003), which could evoke 

changes in BM that would positively affect stroke velocity, as reviewed in the 

anthropometric characteristics section. Concluding, considering that tennis is a high 

asymmetrical sport with several muscle imbalances (Sanchis-Moysi et al., 2010, 

2017), resistance training programs aiming at increasing overall strength values 

could be beneficial to reduce these sport-specific adaptations. An increased load of 

unilateral predominant actions such as the serve has been associated with 

glenohumeral internal rotation deficits (GIRD), imbalances at the abdominal and 

lower back level and an increased injury likelihood (Moreno-Pérez et al., 2015). In a 

highly specialized context as youth tennis, programs that aim at optimizing 

performance should include training contents towards minimizing negative early 

sport-specialization adaptations (Lloyd et al., 2016). Following this line, resistance 

training exercises have proven to be effective in reducing side-to-side asymmetries 

(Bishop et al., 2018), which could be important not to directly increase SV but to 

minimize non-desired effects of training and match-play, that may compromise the 

youth athlete’s long-term development. 

 

PLYOMETRICS, STRETCH SHORTENING CYCLE 
ENHANCED AND STROKE SPECIFIC TRAINING 
Although conventional resistance training seems to result in certain gains in velocity 

production, especially in experienced populations, literature has identified the 
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enhancement of power values using exercises and techniques that emphasize the 

SSC more useful. This follows a certain logic as improved levels of power and 

explosiveness allow to generate greater velocities and transfer these to the racquet 

resulting in faster strokes (B. Elliott, 2006). Plyometric training has the potential to 

influence these gains and seems a useful method to mimic the contraction and 

velocity demands of competition (Behringer et al., 2013; Fernandez-Fernandez et al., 

2013, 2016; Genevois et al., 2013; Pardos-Mainer et al., 2017). Fernández-

Fernández et al., (2013) identified a significant improvement (4.9%) in SV following 

6-weeks of elastic tubing exercises alongside MBT. In the same line, Fernández-

Fernández et al., (2016) also found similar increases following a program including 

throws, upper and lower plyometric exercises. Both mentioned studies were 

performed with junior tennis players ranging ages around 12-13 years old. As the 

authors point out, short-term training programs with minimum equipment and effort 

resulted in performance improvements in young tennis players. As previously 

discussed, it may be that conventional resistance training programs may enhance 

stroke velocity in the long term, especially when referring to experimented players 

with a good training background. On the other hand, when referring to young 

participants, exercises and programs that focus on the explosive and coordinative 

traits of the tennis stroke may be more beneficial. Strengthening this idea, Behringer 

et al., (2013) found significant increases (3.78%) in SV in adolescent players 

following a plyometric design for 8 weeks, while those subjects performing a 

machine-based program did not obtain significant improvements. In short, exercises 

that involve the implication of several muscle groups, full ROM, rotations and fast 

execution, mimic what happens on court seem important to observe significant gains 

in stroke velocity (Baiget et al., 2021), especially when referring to younger 
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FLYWHEEL-BASED RESISTANCE TRAINING 

Following the idea of offering training methods that resemble the motion and specific 

strength application, approaches using flywheel devices have also been investigated. 

These devices enhance the eccentric part of contraction (Tous-Fajardo et al., 2016), 

and although few investigations have attempted to study the effects of an 

eccentrically enhanced program using flywheels on tennis performance values these 

could be a valid option to address specific characteristics of strokes mentioned 

previously. Tennis strokes, due to their execution, demand a great deal of power 

output and players take advantage of the SSC to enhance velocity (Behringer et al., 

2013). Towards this goal, the efficient use of pre-stretch and eccentric contraction to 

load energy to use in the following concentric phase, it would seem reasonable to 

include in velocity enhancement programs exercises that involve these aspects. 

Eccentrically overloaded tasks have proven to induce certain neuromuscular 

adaptations, typically in the form of increases in overall strength, muscle power, and 

hypertrophy (Maroto-Izquierdo et al., 2017). Therefore, as devices such as flywheels 

or conical pulleys have been suggested to improve power-based actions, stroke 

velocity may also be increased following these training approaches. Canós et al., 

(2021) found improvements in upper body power indicators tested via MBT after a 

flywheel-based program. Nevertheless, SV remained unaltered most likely due to 

insufficient exercises simulating the serve physical needs included in the program. 

That is, exercises may have lacked to include rotations, various muscle groups, high 

velocities, and sufficient variability to induce significant changes. Although 

improvements were not found in the mentioned study, other training programs and 

layouts would be of great interest to conclude if flywheel-based programs are useful 

to enhance velocity production. 
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associated to an effective PAPE, and this may depend on the initial exercise 

performed, the subsequent motion and the individual characteristics of the athlete. 

Literature has mainly focused on lower body activities, although some research has 

given some insight on predominantly upper body-based actions towards immediate 

performance enhancements. Non-specific exercises (i.e., bench press) seem to 

induce moderate PAPE responses in posterior similar actions (Ulrich & Parstorfer, 

2017). On the other hand, sport-specific conditioning activities found a greater 

induced post-activation performance enhancement when performing overweight 

implement throws (Montoya et al., 2009) or cable-pulley specific movements 

(Asencio et al., 2020). Specifically in tennis, Terraza-Rebollo et al., (2017) did not 

observe any improvements following a non-specific high loaded exercise (3 sets of 3 

repetitions at 80% 1RM) in the form of a bench press, a half squat, or the 

combination of both in SV. These results are in line with moderate or low PAPE 

outcomes after general strength exercises observed previously (Finlay et al., 2021). 

In a more serve-specific layout, including six upper body ballistic exercises (i.e., a 

combination of elastic tubing exercises and overweight implement throws), (Gelen et 

al., 2012) found improvements in the subsequent SV of young tennis players (1 – 3 

%), suggesting PAPE may be more effectively achieved when including resistance 

training in the form of plyometric or power-based exercises. Nevertheless, these 

results intended to obtain an immediate PAPE for the following serve velocity 

enhancement. Contrary, literature is scarce regarding the effectiveness of complex 

training interventions, especially in predominantly upper body or throwing and striking 

motions and youth populations. Which exercises induce effective PAPE, with which 

load prescription and after which specific window of action, remains to be further 

studied. In any case, the acute neural adaptations achieved by heavy-loaded 
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Tennis training and competition has the potential to impair the determinant physical 

capacities that affect stroke velocity. As these actions are clearly of a multifactorial 

nature, fatigue is considered a triggering aspect that could negatively affect any of 

the mentioned aspects. Muscle impairment, soreness, loss of functionality and 

metabolic exhaustion are directly related to declines in muscular strength and may 

result in reductions in velocity production (Mendez-Villanueva et al., 2007). Previous 

research has established precision as the main aspect negatively affected by fatigue 

(Davey et al., 2002; Gescheit et al., 2015; Rota et al., 2014). Rota et al., (2014) found 

reductions (-11.7% - 30%) in serve precision after performing maximal intermittent 

activities, attributed to lactate accumulations. Nevertheless, besides accuracy, 

competitive or high intensity loads in certain body regions and especially affecting 

strength and power values could also be main contributors to stroke velocity 

reductions (Davey et al., 2002). However, these impairments do not seem to affect all 

competitors in the same way. (Terraza-Rebollo & Baiget, 2021) found no reductions 

in accuracy or SV following a resistance training or MBT protocol, suggesting 

although impairments could have appeared in strength and power levels, players 

may rely on different neuromuscular parameters to maintain performance during the 

serve. In this sense, experienced players may be able to find strategies to avoid 

reductions in the capacity to produce fast strokes during fatiguing situations. 

(Maquirriain et al., 2016) and (Moreno-Pérez et al., 2019) did not observe reductions 

in precision or speed of elite tennis players after a 5-set match. On the contrary, 

research has found reductions in SV (3.9 – 4% and 2 km·h-1) in competition tennis 

players of lower age (Gallo-Salazar et al., 2019) and level (Martin et al., 2016; Rota 

et al., 2014; Tooth et al., 2020). Yet, investigations are limited when examining the 

influence of fatigue on stroke velocity in young competitors, making of great interest 
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further studies on the topic. Following which specific competition and match-play 

volume and loads and which key physical parameters are mainly affected by these 

aspects seems essential towards effective recovery strategies, training prescription 

and organization.  

 

Literature has not only studied fatigue caused by the direct effect of punctual tennis 

practice or competition, but also prolonged or repetitive bouts of play. The 

organization model tennis follows (i.e., consecutive matches in the same day or 

week) has proven to negatively affect SV (Gallo-Salazar et al., 2017; Gescheit et al., 

2015). Gallo-Salazar et al., (2017) concluded reductions in this aspect after playing 

two consecutive matches in junior players. Reasons among which velocity reductions 

could be explained are the loss of functionality around the shoulder joint caused by 

maintained and repeated aggressive actions in short periods of time (Martin et al., 

2016; Moreno-Pérez et al., 2019). These studies show that shoulder strength deficits 

and ROM impairments in SHIR and SHER values after performing a high volume of 

tennis practice or competition. Authors agree and recommend the application of 

intervention programs including strategies to re-establish values before competition, 

especially in younger and not so experienced populations without the sufficient 

expertise and level to take advantage of technical proficiency or more accurate 

tactical decisions to replace reductions in velocity production. Nevertheless, these 

recommendations focus on those aspects previously investigated and concluded to 

reduce performance following specific competitive loads. These include reductions in 

ROM and maximal voluntary contraction around the shoulder joint, and an increase 

in perceived soreness and damage. Little literature is available regarding how other 

physical parameters that define stroke velocity production are affected by match-
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play. Thus, including intervention studies that involve pre and post competition 

measurements of force-time curve variables, muscle contractile properties alongside 

central fatigue indicators such as balance or aspects that could affect movement 

competency would be of great interest. 
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MAIN GOALS 

1.1. To define the main physical factors determining stroke velocity in young tennis 

players. 

1.2. To investigate the acute and chronic effects of prolonged tennis training and 

competition-induced fatigue on main physical factors affecting stroke velocity. 

 

SECONDARY GOALS 

2.1. To establish how physical factors affecting stroke velocity are influenced by age 

and playing level. 

2.2. To examine new programs and training methods towards enhancing velocity 

production in main tennis strokes.  

 

HYPOTHESIS 

Based on previous literature focused on more experimented, older participants of a 

greater competitive level, it was hypothesized that young tennis players would 

present a strong relationship between isometric force-time curve variables and stroke 

velocity, while maximal levels of strength and power would not be as strongly 

associated. Furthermore, it was expected to find significant reductions of key 

variables that affect velocity production after performing competitive bouts of match-

play. Last, the use of light wrist weights would positively acutely affect velocity 

production without a detrimental effect in precision in young competitors. 
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Six studies were conducted to test the mentioned hypothesis. Four studies 

were cross-sectional (studies 1, 2, 4 and 6) and two investigations were 

quasi-experimental pre-post non-randomized interventions (studies 3 and 5). 

The remaining two studies were literature reviews (studies 7-8). 

 

Following, copies of the papers are presented and consist of the main body 

of the document. Manuscripts are featured in a specific order following the 

main objectives of this thesis and not necessarily in chronological or 

acceptance order. Also, specific methodological designs are presented in 

each section of the included papers. 
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RELATIONSHIP BETWEEN ISOMETRIC FORCE-TIME CURVE 

VARIABLES AND SERVE VELOCITY IN YOUNG TENNIS PLAYERS 

 

  

ABSTRACT 

This study aimed at a) examine the associations between serve velocity (SV) and 

maximal isometric voluntary contraction (MVC), peak rate of force development 

(PRFD), rate of force development (RFD) and impulse (IMP) at different stages of 

contraction and b) to establish a prediction equation based on the relationship 

between these variables. Sixteen players performed four maximum isometric tests in 

positions involved in the tennis serve motion. Variables tested included MVC, PRFD, 

RFD and IMP at 50, 100, 150 and 200 ms while performing a 90º shoulder internal 

rotation (SHIR), shoulder flexion (SHF), horizontal shoulder abduction (SHABD) and 

an isometric mid-thigh pull (IMTP). Significant (p ≤ 0.05) moderate-to-very-large 

correlations were found between SV, MVC and PRFD. RFD at different time intervals 

showed positive associations with SV, except in the SHF0-200ms and IMTP0-200ms. 

Accordingly, IMP values positively correlated to SV in all positions except in the 

SHIR0-50ms and the IMTP in late contraction stages. The multiple regression 

analysis showed that 79% of the variance in SV was determined by the combination 

of IMTP PRFD and SHF IMP0-200ms. Results indicate that the capacity to develop 

power in short periods of time (<200 ms) positively influence SV in young 

participants. 

 

Key words: power, serve, impulse, rate of force development, strength  
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INTRODUCTION 

The tennis serve, and particularly serve velocity (SV) has been established as the 

most important performance factor in both competition (Fitzpatrick et al., 2019) and 

junior (Ulbricht et al., 2016) tennis players. Diverse variables influence the outcome 

of the serve and as a complex motor action, efficacy and efficiency are affected by 

various parameters such as anthropometric characteristics, technical proficiency, 

range of motion and strength and power levels (Elliott, 2006; Fett et al., 2020; Gillet 

et al., 2009; Hayes et al., 2018; Kovacs & Ellenbecker, 2011; Palmer et al., 2018).  

 

Specifically, regarding neuromuscular parameters, maximal dynamic strength (MDS) 

values or isokinetic measurements do not seem to correlate strongly to the capacity 

of generating high speed serves either in junior players (Colomar et al., 2020) or 

college participants (Cohen et al., 1994; Kraemer et al., 2000). On the other hand, 

maximal isometric voluntary contraction (MVC) tested in specific joint positions 

involved in the serve kinetic chain seem to have a positive relationship with SV 

(Baiget et al., 2016; Hayes et al., 2018). Although static measurements may not 

represent in the best way highly dynamic and fast actions such as the serve 

(Fernandez-Fernandez et al., 2014), research has found strong associations 

between certain joint settings (i.e., shoulder internal rotation or shoulder and wrist 

flexion) and SV, especially when accounting the combination of various positions 

present in the motion (Baiget et al., 2016, 2021; Cools et al., 2014; Hayes et al., 

2018). Added to this, explosive actions such as the serve involve an evident high 

number of stretch-shortening cycles (SSC), the coordination of many body segments 

and the effective use of elastic energy (Elliott, 2006). Moreover, the available time for 

force production can be as short as 80 ms during the concentric phase of the serve  
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(Kibler et al., 2007). This fact highlights the importance not only of achieving high 

values of MVC, but also force-time characteristics such as the rate of force 

development (RFD) or impulse (IMP) during the serve action (Girard et al., 2014; 

Hayes et al., 2018). Baiget et al., (2021) found that these variables correlated highly 

with SV, suggesting the capacity of generating force in short periods of time is 

significantly related to producing high speed serves, especially around specific 

shoulder positions and in time intervals as short as 50 ms. However, considering the 

serve a complex movement involving many body segments, force-time variables 

concerning predominantly lower body measurements have not been studied 

thoroughly. The role of the legs during the serve has been established as an 

important link to transfer energy from lower to upper body (Kibler et al., 2007). At the 

moment of impact, the amount of speed applied to the ball is mainly attributed to 

shoulder internal rotation and wrist flexion movements, yet literature points out a 

relevant importance to the lower body in developing speed (Girard & Millet, 2009). In 

this line, research has found relations between jumping height (Dossena et al., 2018; 

Hayes et al., 2018), isokinetic strength in leg extensors (Wong et al., 2014) or 

impulse during an IMTP test (Hayes et al., 2018) and SV in competition players. 

Despite this, to our knowledge no specific measures regarding force production in 

different time intervals and their relation to SV have been studied in lower body joint 

positions.  

 

Interestingly, diverse outcomes result when analyzing and comparing the importance 

and influence of different strength values in young and more experienced competition 

players of a greater level (Colomar et al., 2020; Fett et al., 2020; Kramer et al., 2016). 

As previous research suggests, it may be that competitors of different characteristics 
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rely more thoroughly on different parameters that affect velocity production. In short, 

it is hypothesized that younger or lower ranked players may use to a further extent 

technique or favorable anthropometric traits over absolute strength and power levels, 

which would be more determinant in older competition and elite populations (Colomar 

et al., 2020; Fett et al., 2020; Girard & Millet, 2009; Kramer et al., 2016). However, 

literature is scarce when investigating the relationship between force-time variables 

such as RFD and IMP and SV in young participants.  

 

Thus, the goals of this study were a) to examine associations between SV and MVC, 

peak rate of force development (PRFD), RFD and IMP at different stages of 

contraction in specific joint positions involved in the serve kinetic chain and b) to 

develop a prediction model based on the relationship between these variables. 

Based on previous literature (Baiget et al., 2021), we hypothesized SV would 

positively correlate to greater values of MVC, RFD and IMP, especially in early 

phases of contraction (<100 ms) in both upper and lower body joint positions. 

 

MATERIALS AND METHODS 

Participants 

Sixteen (8 female and 8 male) junior tennis players (mean ± SD; age, 14.1 ± 1.2 

years; height, 1.71 ± 0.07 m; body mass, 62.6 ± 7.5 kg; BMI 21.1 ± 2.1 kg/m2) 

participated in the study. Players had a tennis training experience of 7.5 ± 1.4 years 

and an International Tennis Number (ITN) of 3 (advanced level). ITN was established 

by the consensus of two coaches accredited with RPT (Professional Tennis Registry) 

level 3, following the ITN Description of Standards 

(www.internationaltennisnumber.com). Participants had a weekly training volume of 
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20 h·week-1 comprising 3h of technical and tactical tennis practice and 1h of physical 

conditioning per day from Monday to Friday. One subject was left-handed while all 

other participants had a dominant right extremity. Fifteen players performed a two-

handed backhand, while the remaining player executed a one-handed form. Inclusion 

criteria required to have at least 1-year of participation in a structured fitness program 

and a minimum of 5-years of tennis training and competition. Participants were 

excluded from the study if they had any back, upper or lower extremity discomfort or 

undergone rehabilitation or surgery in the past 3 months. All participants were 

informed about the characteristics of the study and voluntarily signed an informed 

consent. In the case of being underage, their legal tutors signed the form. 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 an accredited Ethics Committee. 

 

Experimental design 

The experimental design was conducted as summarized in Figure 1. The study was 

divided into two testing sessions performed on the same day and separated by 10 

minutes. Participants performed the force-time testing followed by the SV 

assessment. Players were allowed to consume water ad libitum. Energetic drinks 

were not allowed during the trials. Participants did not exercise for at least 18h before 

the protocol took place. They were indicated to maintain their habitual routine, to 

avoid excitatory substances (i.e., coffee or tea) and vigorous exercise during the 

previous day to the testing sessions. All measurements were performed in the 

morning, approximately from 7:30 am to 8:30 am. The experiments were performed 

in competition period. 
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***Insert Figure 1 around here*** 

 

Testing procedures 

Force-time characteristics assessment 

Participants were asked to perform four MVC tests of relevant joint positions involved 

in the serve kinetic chain. Positions tested were (a) internal shoulder rotation with the 

elbow and shoulder flexed 90º (SHIR), (b) shoulder flexion (SHF), (c) horizontal 

shoulder abduction (SHABD) and (d) mid-thigh pull (IMTP) as indicated in Figure 1. 

Prior to testing, participants performed two submaximal attempts of 3 seconds of the 

selected positions at approximately 50%-75% maximal effort, separated by 60 

seconds each (Comfort et al., 2019). SHIR, SHF and SHABD tests were performed 

similar to Baiget et al., (2016), on a Ercolina machine (Technogym Company, 

Cesena, Italy), participants sat with a 90º hip flexion and the back resting on a bench 

and fastened with a harness to avoid extra movement of other body segments. Only 

the dominant extremity was registered. For the IMTP, tests were performed using a 

portable alternative to a force plate using a strength gauge attached to a heavy metal 

base, similar to the protocol offered by James et al., (2017). Mid-thigh position was 

determined before testing by marking the midpoint distance between the knee and 

hip joints (i.e.,  between the iliac crest and the patella), as it seems athletes adopt 

their preferred hip and knee angles for the test (Comfort et al., 2015). The height of 

the bar was adjusted up or down to make sure it was in contact with the mid-thigh. 

Preferred grip was allowed. Participants were indicated to perform 1 second of quiet 

standing followed by a maximal effort for 5 seconds (Comfort et al., 2019). The force-

time curve was registered using a strain gauge sampling at 80 Hz and the relevant 
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analysis software (Chronojump, Boscosystem, Barcelona, Spain). MVC and PRFD 

were defined as the peak value attained during the 5 seconds. Moreover, force 

outputs at 50, 100, 150 and 200 ms from the start of the pull were determined for 

each trial (Comfort et al., 2015). RFD was calculated with the following equation: 

RFD = ΔForce / ΔTime. Participants performed two trials spaced by 2 min rest 

between attempts. To avoid that the order of the evaluations could influence fatigue, 

tests were performed as expressed in Figure 1. All variables reached good to 

excellent test-retest values (ICC = 0.823 – 0.982; CV = 0.23 – 0.72) 

 

Serve velocity (SV)  

Testing was performed on a tennis hard court under stable wind conditions (< 2 m·s-

1) using new tennis balls (Head ATP Pro, Spain). Before the assessment, 

participants performed a standardized warm-up including mobility exercises, 5 

minutes of free rallies and 10 progressive serves. Each player executed 8 serves (2 

sets of 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 analysis. SV was determined using a hand-held radar gun (Stalker 

ATS II, USA, frequency: 34.7 GHz [Ka-Band] ± 50 MHz). The radar was positioned in 

the center of the baseline, 2 m behind the line and at an approximate height of 2 m 

following the trajectory of the ball. Players were asked to hit as hard as possible and 

direct feedback was delivered to the participants to encourage effort. 

 

Statistical Analyses 

Data are reported as mean ± standard deviation (SD). Normality of distributions and 

homogeneity of variances were assessed with the Shapiro-Wilk test. The reliabilities 
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of test measurements were assessed using intraclass correlation coefficients (ICCs) 

and the coefficient of variation (CV). Pearson correlation coefficient was used to 

examine the relations between SV and MVC, PRFD and RFD at different contraction 

times in the SHIR, SHF, SHABD and IMTP positions. Correlations were classified as 

trivial (0–0.1), small (0.1–0.3), moderate (0.3–0.5), large (0.5–0.7), very large (0.7–

0.9), nearly perfect (0.9), and perfect (1.0) (Hopkins et al., 2009). Mean SV was used 

as the dependent variable and force-time variables at different time intervals (MVC, 

PRFD, RFD and IMP) were the independent predictors in the stepwise multiple 

regression analysis. The level of significance was set at p < 0.05. All statistical 

analyses were performed using IBM SPSS Statistics 26.0 (SPSS, Inc., Chicago, IL.).  

 

RESULTS 

A total of 128 serves were performed of which 48.4% were considered in and 

therefore used for analysis. Average SV was 138.3 km·h-1. Correlation coefficients 

between SV and isometric force-time variables are summed up in Table 1. Mean 

values of the measurements are plotted in Figure 2. Significant (p < 0.05) moderate-

to-very-large correlations were found between SV, MVC and PRFD. Regarding RFD 

at different time intervals, significant associations were found in the four tested 

positions, except in the later stages of contraction (i.e., 200 ms) in the SHF and 

IMTP. Accordingly, IMP showed positive correlations with SV in all positions except 

the SHIR at 50 ms and the IMTP at 100, 150 and 200 ms. 

 

***Insert Table 1 around here*** 

***Insert Figure 2 around here*** 
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A stepwise multiple regression analysis was used to select the most promising 

isometric time-force curve variables for determination of SV (Table 2).  The model 

reached its best fit after 2 steps and PRFD IMTP was entered first into the model, 

explaining 61% of the variance in SV. SHF IMP0-200ms was the second-best 

predictor, contributing a further 18%, which allowed the combined model to account 

for 79% of the overall variance for SV. 

 

***Insert Table 2 around here*** 

 

DISCUSSION AND IMPLICATIONS 

The main finding of this investigation was that isometric force-time variables in 

specific joint positions involved in the tennis serve kinetic chain positively correlate to 

SV in young tennis players. Moreover, the capacity of producing high levels of force 

in short periods of time seems to be relevant to enhanced velocity production. The 

results of the stepwise multiple regression analysis showed that 79% of the variance 

in SV was determined by the combination of IMTP PRFD and SHF IMP0-200ms, 

indicating that the combination of high values of RFD and IMP in both upper and 

lower body structures involved in the serve could be relevant for increasing velocity. 

 

Associations between isometric force-time variables and SV seem to follow previous 

strength parameters positively correlated to velocity production in older, more 

experienced competition players. Specifically, regarding absolute values of isometric 

strength, results in this investigation are in accordance with positive associations 

between upper body MVC and SV observed previously (Baiget et al., 2016; Hayes et 

al., 2018), restating the importance of achieving high values of isometric strength in 
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specific shoulder joint positions involved in the upper arm rotation, also in younger 

and lower ranked participants. Nevertheless, some investigations found absolute 

dynamic or isometric strength values did not seem to correlate as strongly to SV 

(Colomar et al., 2020; Kraemer et al., 2003). Being the serve a complex motor skill 

that involves multiple characteristics of different nature (i.e., neuromuscular, 

anthropometrics, technique, and ROM), on which of these skills a player relies on 

more thoroughly may differ depending on the tested subjects. Most likely, the 

importance of strength and power values in building speed to the serve varies across 

ages and playing levels. As previously investigated, the importance of fitness 

characteristics on SV showed lower heights of determination in the younger age 

groups (U12) than older players, increasing values as competitors grow (Fett et al., 

2020). As suggested, SV may not be an equally predominant factor in pre-adolescent 

players who may rely more thoroughly on technical factors rather than fitness 

parameters (Fett et al., 2020). Accordingly, the importance of these variables 

increases with age, playing level and the maturational status of the player (Girard & 

Millet, 2009; Kramer et al., 2016). Results here suggest the importance of achieving 

high values of isometric strength in both the shoulder joint in specific upper arm 

internal rotation motions and lower body extension movements in teenage 

participants. Moreover, the serve is a high-speed rotational movement with limited 

time availability (Kibler et al., 2007). Consequently, the ability to develop the 

previously mentioned strength values in short periods of time has been deemed 

essential towards an effective performance (Baiget et al., 2021; Girard et al., 2014; 

Hayes et al., 2018). Functional measurements of upper and lower body power 

measured through medicine ball throws (MBT) or jumping height have previously 

been positively correlated to the capacity of a player to serve faster in competition 
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participants (Dossena et al., 2018; Fett et al., 2020; Hayes et al., 2018). In this same 

line, explosive force application (i.e., RFD and IMP) values in short time intervals (< 

250 ms) around the shoulder joint have been found to highly influence the outcome 

of SV (Baiget et al., 2021). Findings in the present study show that younger 

participants and more experienced competitors, regarding age and level, seem to 

benefit to a similar extent from an enhanced capacity of developing high values of 

PRFD and RFD in periods shorter than 200 ms. These findings restate the 

importance of explosiveness in upper body internal rotational movements and 

therefore the relevance of neural drive and motor unit discharge rate towards 

effective force production in early phases of contraction, alongside ideal mechanical 

muscle characteristics and overall strength to ensure best functioning in the later 

stages (Andersen et al., 2010; Andersen & Aagaard, 2006). The capacity of 

producing force and being able to apply it to the rotational movement of the upper 

arm results in a faster angular momentum of the head of the racquet and the 

consequent increase in ball speed (Martin et al., 2013). In this line, IMP values 

showed consistent outcomes and relevant associations with SV in the majority of 

time intervals and positions tested. Impulse is an indicator of the accumulation of 

force during a given period (Aagaard et al., 2002). The serve is considered a 

complex motion relying on the coordination of multiple body segments and the 

buildup of momentum throughout all phases of the action and contraction time 

(Myers et al., n.d.). Greater IMP would facilitate greater momentum and as long as 

force is built up during the force application window of time and transferred effectively 

throughout the kinetic chain, SV would result enhanced (Baiget et al., 2021). 

Accordingly, previous investigations testing IMP values in the IMTP position found 

positive associations between these variables at 100 and 200 ms (Hayes et al., 
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2018). Likewise, IMP here was largely correlated in practically all contraction times 

and positions except the IMTP in later stages (> 100 ms).  These outcomes seem to 

indicate the importance of the buildup and accumulation of force overtime alongside 

the application of great levels of strength in short periods (i.e., RFD), especially in 

early phases of contraction and in upper limb joint positions.  

 

Regarding the influence of the legs in building velocity towards a faster serve, to our 

knowledge this is the first study to examine the associations between force-time 

curve variables in a predominantly lower body joint position and SV. In the same way 

as concerning movements around the shoulder, results indicate the importance of 

MVC (0.716; p = 0.01) and PRFD (0.799; p = 0.001) in the IMTP position. As 

previously stated in literature, part of the success to obtain a fast tennis serve can be 

dependent on an effective buildup of muscle preload and the use of elastic energy in 

leg extensor muscles towards generating a powerful lower-limb drive (Girard et al., 

2005). Obtaining higher values of explosiveness in the lower body will traduce into 

velocity gradually increasing from legs towards the long-axis rotational elements such 

as the upper arm or shoulder segments (Girard et al., 2005), if effective coordination 

throughout the kinetic chain is guaranteed (Kibler et al., 2007). In this line, increased 

PRFD and RFD values in early stages of muscle contraction were correlated to faster 

SV, restating that an increased capacity of producing explosive and fast actions in 

leg extensor movements is relevant to velocity production. In a similar way to the 

upper limbs, the application of force during the concentric phase of the serve is 

limited to short time windows. Moreover, the legs seem to be the initial stage of the 

movement and the starting point of the kinetic chain  (Kibler et al., 2007). Because of 

this, it seems reasonable to find large to very large associations (r = 0.634 – 0.751; p 
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= < 0.01) between the RFD in 50, 100 and 150 ms time frames and SV, indicating 

those players capable of applying strength in short contraction times in the lower 

body will most likely benefit from enhanced velocity production. Nonetheless, IMP 

values in lower body positions did not correlate strongly to SV indicating that the 

accumulation of force over time did not seem as relevant as the capacity of a player 

to develop power rapidly. 

 

The multiple regression analysis results indicate the model that best explained SV 

was the combination of PRFD in the IMTP test and SHF0-200ms, accounting for 79% 

of variance in SV. These outcomes strengthen the idea that multiple aspects affect a 

player’s capacity to develop speed during the serve. Depending on sex, age, level 

and the individual characteristics of the player, the importance of these aspects may 

vary substantially (Fett et al., 2020; Kramer et al., 2016). Nevertheless, as observed 

in this study regarding strength and power levels, results indicate that the 

combination of high absolute isometric values and enhanced levels of PRFD 

involving body structures present in the entire movement (i.e., upper and lower body) 

traduce into a greater capacity of the young tennis player to apply speed to the serve. 

This reinforces the idea that training methods aiming at enhancing SV throughout 

power development include not only forceful rotational movements in the upper arm 

segments but more importantly incorporate to the program exercises that globally 

implicate the totality of the kinetic chain. Following this idea, added to the fact that 

force-time variables have proven to be important aspects affecting SV, the 

importance of technical parameters and coordinative patterns that ensure an efficient 

serve motion seem to be highly relevant to the young tennis player (Fett et al., 2020; 

Girard & Millet, 2009). This supports the recommendation of including in velocity 
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production enhancement programs not only strength and power tasks that involve the 

totality of the kinetic chain (i.e., upper and lower body) but also include a certain 

resemblance to the technical motion. 

 

This study had some limitations. Although participants were homogeneous regarding 

age, training experience and level, the fact that these were 50% boys, and 50% girls 

may have affected results to some extent, as chronological age during adolescence 

can result in differences in maturation levels. Also, the strain gauge used for this 

study sampled at 200 Hz which might be a low frequency for early contraction time 

measurements such as the 50 ms.  

 

CONCLUSIONS 

In conclusion, isometric force-time values (i.e., MVC, PRFD, RFD and IMP at 

different contraction times) moderate-to-very-largely correlate to SV in young tennis 

players. Findings suggest explosive force production in joint positions typically 

involved in the totality of the serve kinetic chain have a high importance in the 

capacity of young players to apply speed to the ball. Moreover, the combination of an 

enhanced level of these capacities in various of the tested positions seems to explain 

a great deal of SV in young participants. 

 

Junior tennis is characterized by high training volumes that are typically organized in 

several sessions alongside many competitive events. Training availability is limited 

and knowledge around those physical factors affecting a determinant action such as 

the serve gains importance for optimal development. Therefore, including program 

designs that incorporate exercises focused on speed, power and velocity production 
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should be essential towards effective use of time. Specifically, exercises that elicit the 

enhancement of RFD (i.e., with maximal intended velocity execution regardless the 

external load), especially involving SHIR, SHF and SHABD could be beneficial 

towards SV improvements. In the same way, high speed rotational movements that 

integrate the presence and coordination of these specific shoulder positions and 

include the lower body throughout the motion most likely develops PRFD levels and 

positively influences SV. MBT, cable pulley multiarticular motions and/or flywheel 

program designs that involve many body segments, include fast execution and a 

certain demand of coordinated movements throughout the kinetic chain seem valid 

options toward obtaining the desired effects. Moreover, isometric evaluation is a 

cheap easy and non-time-consuming tool to effectively evaluate strength levels. 

Thus, it is suggested that monitoring for player development includes strength and 

power testing as soon as these characteristics are relevant and affect to a big extent 

serve performance. 
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STUDY 2 FIGURES AND TABLES 

 
TABLES 
 
 
Table 1. Correlation coefficients (r) between serve velocity and isometric 
force-time curve variables (n = 16). 
 

 
 
MVC = maximal isometric voluntary contraction; PRFD = peak rate of force development; RFD = rate 
of force development; SHIR = shoulder internal rotation; SHF = shoulder flexion; SHABD = horizontal 
shoulder abduction; IMTP = isometric mid-thigh pull; * = p < 0.05: † = p < 0.01; ‡ = p < 0.001. 
 

 

 

 

 

Serve Velocity (km·h1) 

 SHIR SHF SHABD IMTP 

Variable r r2 r r2 r r2 r r2 

MVC (N) 0.717† 0.51 0.756‡ 0.57 0.523* 0.27 0.716† 0.51 

PRFD (N·s-1) 0.667† 0.44 0.689† 0.47 0.6* 0.36 0.799‡ 0.64 

RFD0-50 ms (N·s-1) 0.606* 0.37 0.628† 0.39 0.733† 0.54 0.728† 0.53 

RFD0-100 ms (N·s-1) 0.644† 0.41 0.634† 0.40 0.718† 0.52 0.751‡ 0.56 

RFD0-150 ms (N·s-1) 0.727† 0.53 0.583* 0.34 0.699† 0.49 0.634† 0.40 

RFD0-200 ms (N·s-1) 0.791‡ 0.63 0.301 0.09 0.629† 0.4 0.260 0.07 

IMP0-50 ms (N·s) 0.448 0.2 0.651† 0.42 0.646† 0.42 0.671† 0.45 

IMP0-100 ms (N·s) 0.498* 0.25 0.551* 0.30 0.655† 0.43 0.362 0.13 

IMP0-150 ms (N·s) 0.662† 0.44 0.69† 0.48 0.722† 0.52 0.495 0.25 

IMP0-200 ms (N·s) 0.359 0.13 0.724† 0.52 0.741† 0.55 0.479 0.23 
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Table 2. Isometric force-time curve variables included in the stepwise multiple 
regression analysis to explain the variance on mean SV. 
  

Step 
Independent 

variables 
entered 

Correlations 
SEE p Regression equation 

r r2 Adj. r2 

1 PRFD_IMTP 0.80 0.64 0.61 7.7 <0.001 y = 116.18 + (0.004 x PRFD_IMTP) 
 

2 SHF_IMP0-200 0.91 0.82 0.79 5.6 <0.001 y = 102.59 + (0.003 x PRFD_IMTP) + 
(1.433 x SHF_IMP0-200) 

PRFD_IMTP = isometric mid-thigh pull; SHF_IMP0-200 = impulse from 0 to 200 ms; Adj. r2 = adjusted coefficient of 
determination; SEE = standard error of estimate. 

 

 

FIGURES 

Figure 1. Testing protocol timeline. SHIR; shoulder internal rotation; SHF = shoulder 
flexion; SHABD = shoulder horizontal abduction; IMTP = isometric mid-thigh pull; SV 
= serve velocity. 
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Figure 2. Force-time curve results. Data are presented as mean and SD. SHIR; 
shoulder internal rotation; SHF = shoulder flexion; SHABD = shoulder horizontal 
abduction; IMTP = isometric mid-thigh pull; RFD = rate of force development; IMP = 
impulse. 
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FORCE-TIME CURVE VARIABLE OUTCOMES FOLLOWING A 

SIMULATED TENNIS MATCH IN JUNIOR PLAYERS 

 

ABSTRACT 

Objectives: This study examined the alterations induced by a simulated tennis 

competition on maximal isometric voluntary contraction (MVC), peak rate of force 

development (PRFD) and rate of force development (RFD) at different stages of 

contraction.  

Methods: Twenty junior tennis players performed an 80-minute simulated tennis 

match and two (pre and post) muscular performance tests. Variables tested included 

MVC, PRFD and RFD at 50, 100, 150 and 200 ms while performing a 90º shoulder 

internal rotation (IR90), 90º shoulder external rotation (ER90), shoulder horizontal 

adduction (ADD), shoulder horizontal abduction (ABD) and isometric mid-thigh pull 

(IMTP). Serve velocity (SV) was also registered.  

Results: No significant changes were found regarding MVC, PRFD or SV. Non-

significant moderate effect size (ES) towards a decrease in the IR90 RFD at 50 ms 

could be observed (16%; ES = 0.5) alongside an increase in the ADD and IMTP RFD 

at 150 ms (-15.8%, -8.2%; ES = -0.53, -0.54) and IMTP RFD at 200 ms (-13%; ES = -

0.54).  

Conclusions: Results indicate that MVC, PRFD, RFD at different time intervals and 

SV are unaltered following an 80-minute simulated match, possibly due to insufficient 

alterations triggered on key factors affecting the tested variables.  

 

Key words: power, serve, fatigue, effects, strength  
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INTRODUCTION 

Tennis has evolved into a fast-paced sport in which the ability to generate explosive 

actions and movements such as strokes, sprints and changes of direction is essential 

towards a greater performance (Kovacs, 2006). These actions rely, among other 

qualities, on certain fitness traits that are considered determinant for the sport and 

can be observed in higher ranked players. These include an enhanced level of speed 

over short distances, upper and lower body strength and power alongside a greater 

serve velocity (SV) (Ulbricht et al., 2016). Research has related force-time 

characteristics around the shoulder complex (Cools et al., 2014; Baiget et al., 2016; 

Baiget et al., 2021; Hayes et al., 2021) and upper body power levels (Ulbricht et al., 

2016), to SV. Positive correlations have also been found between lower body 

isometric strength measurements and sprint and serve performance (Ulbricht et al., 

2016; Hayes et al., 2021). These main actions normally involve one or more stretch-

shortening cycles (SSC) throughout the kinetic chain (Kibler et al., 2007), and force 

production is to happen in a short period of time. For instance, the acceleration 

phase of tennis serve is due to happen in intervals as short as 80 ms approximately 

(Kibler et al., 2007), and other repetitive burst of fast movements such as jumping or 

0-5 m accelerations and changes of direction require contraction times around 50-

250 ms. (Aagaard et al., 2002). This reaffirms force production in determinant tennis 

actions would typically appear in what is considered as the early phase of explosive 

contraction (Maffiuletti, 2016; Baiget et al., 2021). This highlights the importance of 

generating high forces in brief or rapid intervals (i.e., rate of force development 

(RFD)) during the duration of a match or in consecutive days of play for an enhanced 

tennis performance (Girard et al., 2014; Baiget et al., 2021; Hayes et al., 2021). 

Therefore, how these aspects are affected by competition seems essential towards 
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effective recovery and training organization. 

 

Prior investigations have stated significant impairments following match-play or 

competitive events, including the previously mentioned strength and power qualities. 

These changes derived from competition include increased muscle soreness 

(DOMS) (Gescheit et al., 2015), reductions in maximal isometric voluntary contraction 

(MVC) (Girard, 2006; Girard et al., 2008, 2011, 2014), decreased range of motion 

(ROM) (Martin et al., 2016; Gallo-Salazar et al., 2017; Moreno-Pérez et al., 2019) 

and SV (Gescheit et al., 2015). The appearance of fatigue due to muscle damage 

following inflammation, serum creatinkinase (CK) concentration and muscle function 

impairment would result in a reduction in performance in the mentioned variables 

(Girard, 2006; Mendez-Villanueva et al., 2007). Nevertheless, few studies to our 

knowledge have explored how competition-induced fatigue affects MVC and RFD at 

different time intervals in young tennis players. Previous works (Girard, 2006; Girard 

et al., 2008, 2011, 2014; Ojala and Häkkinen, 2013; Gescheit et al., 2015) have 

observed negative changes in these variables following prolonged tennis playing or 

simulated competitions, although testing typically included few selected leg or 

shoulder muscles or were performed including male professional or highly 

competitive participants. 

 

Young players can perform an average of 10 to 21 competitive events and 65 

matches year-round (Kovalchik and Reid, 2017; Johansson et al., 2022). Added to 

this, they also perform an accumulated 15 hours per week of tennis or fitness 

training. How physical qualities vary from pre to post playing conditions seems of 

great importance for junior competitors towards effective recovery strategies and load 
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management. Moreover, as stated previously and given the importance of developing 

force rapidly in tennis and the significance of MVC and RFD in determinant actions, 

knowledge around RFD within different phases of contraction could provide insights 

on how mechanisms underpinning explosive force production are affected by match-

play. Thus, the goal of this study was to investigate the alterations induced by tennis 

match-play on MVC and RFD at different stages of contraction (i.e., <250 ms), in 

specific joint positions observed in tennis actions and in junior competitors. Based on 

previous literature (Girard, 2006; Girard et al., 2008, 2011, 2014), we hypothesized 

that upper and lower body measures of MVC, PRFD and RFD at different time 

intervals would be negatively affected by fatigue. Accordingly, SV reductions would 

be observed. 

 

METHODS 

Participants 

G-Power statistical software (version 3.1.9.5; University of Dusseldorf, Dusseldorf, 

Germany) was used to determine that a minimum sample size of n = 19 was required 

for statistical power ≥0.8 at an alpha level of p ≤ 0.05. Twenty (12 male and 8 female) 

junior tennis players (mean ± SD; age, 16.9 ± 1.7 years; height, 1.76 ± 0.07 m; body 

mass, 64.4 ± 7.9 kg; BMI 20.7 ± 1.8 kg/m2) with an International Tennis Number 

(ITN) between 2 and 4 (advanced level) and a tennis training experience of 8.4 ± 1.9 

years participated in this study. ITN was established by the consensus of two 

coaches accredited with RPT (Professional Tennis Registry) level 3, following the 

ITN Description of Standards (www.internationaltennisnumber.com). Participants had 

a weekly training volume of 20 h·week-1 consisting of 3h of technical and tactical on-

court tennis training and 1h of fitness training per day from Monday to Friday. 
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Seventeen participants (85% of total) performed a two-handed backhand, while the 

remaining 15% executed a one-handed fashion. One subject (5% of total) was left-

handed while all other participants had a dominant right extremity. Inclusion criteria 

required each participant to have at least 1-year of participation in a structured 

physical training program and 5-years of tennis training and competition. Participants 

were excluded from the study if they had any back, upper or lower extremity pain or 

undergone surgery or rehabilitation in the past 3 months. All participants were 

informed in advance about the characteristics of the study and voluntarily signed an 

informed consent. In the case of being underage, their legal tutors signed the 

consent. 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 an accredited Ethics Committee (15/CEICGC/2020). 

 

Design 

The experimental design was conducted as summarized in Figure 1. A cross-

sectional repeated measures experimental design was performed on two testing 

sessions in a static order. Each player participated in two sessions (pre- and post-

simulated match) separated approximately by 120 minutes under similar 

atmospheric, experimental conditions (wind < 2 m·s1) and by the same researcher. 

Between trials, participants played an 80-minute simulated tennis match on an 

outdoor standard hard court following the International Tennis Federation (ITF) rules 

and using new tennis balls (Head ATP Pro, Spain). Matches were undertaken by 

participants playing an opponent with a similar ITN level. In a 15-minute window after 

the match, participants performed the post-competition testing session. The use of 

recovery strategies (e.g., self-myofascial release, massage, stretching, etc.) was not 
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allowed in order to avoid interferences with the results. Players were allowed to 

consume water ad libitum. Energetic drinks were not allowed during the trials. 

 

***Insert Figure 1 around here*** 

 

Procedures 

Participants did not exercise for at least 18h before the protocol took place and they 

were encouraged to maintain their habitual lifestyle, to avoid excitatory substances 

(i.e., coffee or tea) and strenuous exercise during the previous day to the test. All 

measurements were registered in the morning, approximately from 7:30 am to 10 

am. Testing sessions were performed in May and June during competition period. 

 

Maximum isometric voluntary contraction (MVC) and rate of force development 

(RFD)  

Participants were asked to perform five maximum isometric tests. The different 

positions assessed were (a) external shoulder rotation with the elbow and shoulder 

flexed 90º (ER90), (b) internal shoulder rotation with the elbow and shoulder flexed 

90º (IR90), (c) horizontal shoulder adduction (ADD), (d) horizontal shoulder abduction 

(ABD) and (e) mid-thigh pull (IMTP) as summarized in Figure 1. As a warm up and 

prior to testing, participants performed five minutes of dynamic mobility exercises and 

two submaximal trials of 3 seconds of all tested positions at approximately 50% and 

75% maximal effort, separated by 60 seconds each (Comfort et al., 2019). Tests 

concerning upper body were performed in a similar manner as Baiget et al., (2016), 

sitting on an Ercolina machine (Technogym Company, Cesena, Italy). The 

participants sat in a position with a 90º hip flexion and the back resting on a bench. 
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Participants were then fastened with a harness on the chest to avoid additional 

movement of other body segments. Only the dominant extremity was registered. For 

lower body assessment, tests were performed using a portable alternative to a force 

plate using a strength gauge (Chronojump, Boscosystem, Barcelona, Spain) 

attached to a heavy metal base or plate in a very similar fashion to that offered by 

James et al., (2017). Participants stood over the plate and the mid-thigh position was 

determined for each participant before testing by marking the midpoint distance 

between the knee and hip joints. This mid-point was established halfway between the 

iliac crest and the patella, as it seems athletes adopt their preferred hip and knee 

angles for the test (Comfort et al., 2015). The height of the bar was adjusted up or 

down to make sure it was in contact with the mid-thigh. Participants were allowed to 

use either overhand or hook grip. For all tests, participants were instructed to perform 

1 second of quiet standing followed by a maximal effort for 5 seconds (as fast and 

hard as possible) (Comfort et al., 2019). The force-time curve for each trial was 

recorded using a strain gauge sampling at 80 Hz and the subsequent analysis 

software (Chronojump, Boscosystem, Barcelona, Spain). MVC and PRFD were 

defined as the highest value achieved during the 5 seconds. Additionally, force 

outputs at 50, 100, 150 and 200 ms from the initiation of the pull were determined for 

each trial (Comfort et al., 2015). RFD was then calculated as the segment between 

time points and following the equation: RFD = ΔForce / ΔTime (Baiget et al., 2021). 

Precision and reproducibility were addressed using a test-retest design for which 

participants performed two trials spaced by 2 min rest between attempts. To avoid 

that the order of the evaluations could influence fatigue, tests were randomized. The 

reliability of test measurements showed good intervals of confidence in all variables 

(Table 2), as seen in similar investigations (Baiget et al., 2021) 
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Serve speed  

Data collection was executed on a standard tennis hard court with stable wind 

conditions (< 2 m·s-1) using new tennis balls (Head ATP Pro, Spain). Before the 

measurements, participants performed a standardized warm-up that included mobility 

exercises, 5 minutes of free rallies and 10 progressive serves. Each subject executed 

8 serves (2 sets of 4 serves on each side of the court) with 2 minutes of rest between 

sets and 10 seconds between serves) before and after the simulated tennis match. 

Only the serves that landed in the serve box were registered. Maximum SV was 

determined using a hand-held radar gun (Stalker ATS II, USA, frequency: 34.7 GHz 

[Ka-Band] ± 50 MHz). The radar was positioned in the center of the baseline, 2 m 

behind the line and at an approximate height of 2 m following the trajectory of the 

ball. Players were asked to hit as hard as possible to the T and immediate feedback 

was provided to the participants to encourage maximum effort. 

 

Tennis match load 

Match load was recorded using a GPS unit (WimuPro�, Realtrack Systems, Almería, 

Spain). Both players involved in the simulated match wore an adjusted vest with the 

attached device and diverse data was recorded for posterior descriptive information 

on match load (Table 1). Registered data included variables previously used in 

similar participants (Hoppe et al., 2014; Galé-Ansodi et al., 2017; Perri et al., 2018) 

such as total distance, number of accelerations, decelerations, distance at different 

running speeds, mean and peak velocity. Added to this, three heart rate (HR) zones 

were used for analysis. Using a HR monitor (Garmin HRM Dual Basic, Garmin, USA) 

and based on peak HR of the match (HRmax), zone 1 was determined as low- 

(<70% HRmax), zone 2, moderate- (70-85% HRmax) and zone 3, high-intensity- 
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(>85% HRmax). Time spent in different HR zones included play and changeover 

intervals. The same warm-up performed before the SV assessment was considered 

appropriate for the simulated match. Matches were played for 80 minutes regardless 

the score on a standard tennis hard court under stable wind conditions (<2 m·s-1). 

Posterior to competition, fatigue perception was measured following the 6 to 20 Borg 

Scale Test (RPE). 

 

***Insert Table 1 around here*** 

 

Statistical Analysis 

Data are reported as mean ± standard deviation (SD). Normality of distributions and 

homogeneity of variances were assessed with the Shapiro-Wilk test. The reliabilities 

of test measurements were assessed using intraclass correlation coefficients (ICCs) 

and the coefficient of variation (CV) (Table 2). Parametric and non-parametric 

statistics were used when appropriate. Paired t-test were used to discern any 

significant differences between the mean values of pre- and post-measurements. 

Because some variables did not have a Gaussian distribution (all excluding SV, 

ER90º 200 ms, ABD 100 ms and ABD 150 ms) Wilcoxon paired test was used. Mean 

differences in absolute and percent values were also used. 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 for this 

study. Accordingly, correction for multiple comparisons was undertaken using the 

Bonferroni method with a resulting operational alpha level of 0.0016 (p = 0.05/31). All 

statistical analyses were performed using SPSS 23.0 software (SPSS Inc., Chicago, 
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IL, USA). 

 

***Insert Table 2 around here*** 

 

RESULTS 

Match-load characteristics are expressed in Table 1. Pre- and post-match SV, MVC 

and PRFD differences are summarized in Table 3, while data concerning RFD at 

different times is plotted in Figure 2. No significant differences were found between 

pre- and post-match measurements in any of the tested conditions. Moderate effect 

sizes (ES) towards a decreased IR90 RFD at 50 ms and an increased RFD in the 

IMTP at 150 ms and 200 ms in post-match conditions could be observed (-16%, 

8.2% and 13%; ES = 0.5, -0.54 and -0.54), respectively. Also, a moderate increase in 

the post-match measurements in ADD RFD at 150 ms was noted (15.8%; ES = -

0.53). No statistically significant differences could be observed concerning MVC 

values, PRFD or SV. 

***Insert Table 3 around here*** 

***Insert Figure 2 around here*** 

 

DISCUSSION  

The main finding of this investigation was that MVC, PRFD, RFD at different time 

intervals and SV remain unaltered following an 80-minute simulated tennis match in 

young players. Yet, after following this specific load, RFD at different time points 

while performing a MVC in certain joint positions (i.e., IR90, ADD and IMTP) seemed 

moderately affected. 
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Previous works have established alterations in certain physical aspects following 

tennis match-play, involving reductions in shoulder internal rotation ROM (Martin et 

al., 2016; Gallo-Salazar et al., 2017; Moreno-Pérez et al., 2019), DOMS and 

increased CK values (Gescheit et al., 2015). More specifically related to strength 

measurements, results here differ from those present in other investigations. MVC 

resulted in reductions in the majority of previous studies following tennis competitions 

or match-play (Girard, 2006; Girard et al., 2008, 2011, 2014; Gescheit et al., 2015; 

Gallo-Salazar et al., 2017; Moreno-Pérez et al., 2019). Nevertheless, significant 

reductions in this variable are noted only after performing a considerably greater 

competitive load compared to the one proposed here, especially regarding match-

duration. In Girard et al., (2006, 2008), MVC of knee extensors suffered progressive 

reductions starting as soon as 30 minutes into match-play, but only being significant 

(p < 0.05) compared to pre-match conditions at 150 minutes of play, while plantar 

flexor and leg extensor muscles accounted similar decreases following 120 minutes 

of competition in further works (Girard et al., 2011, 2014; Ojala and Häkkinen, 2013), 

indicating that match duration could be an essential aspect inducing MVC reductions. 

More recent studies have also registered decreases in MVC around the shoulder 

joint in internal and external rotation gestures. Moreno-Pérez et al., (2019) observed 

significant changes towards lower strength levels in the shoulder external rotation 

motion following 80 minutes of match-play. As match duration is similar to that 

performed in this study, differences may be explained by the population analyzed or 

match-load differences. Reductions in MVC following a tennis match can be 

determined by fatigue induced in response to high and repetitive loads performed 

during serves, groundstrokes, short sprints and changes of direction (Mendez-

Villanueva et al., 2007). Nevertheless, external match loads concerning number of 
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strokes, running distance and high-intensity bouts may be considerably different 

when comparing adolescents, professional players and male or female participants 

(Hoppe et al., 2014; Kovalchik and Reid, 2017; Perri et al., 2018). Analyzed 

population differences could be one of the reasons of dissimilar results, as 

participants in Moreno et al., (2019) represent professional male players of greater 

age and level that could achieve a higher number of strokes and high intensity bouts 

during competition, although performing similar match durations (Hoppe et al., 2014; 

Kovalchik and Reid, 2017; Perri et al., 2018). In investigations focusing on 

populations with a similar age (Gallo-Salazar et al., 2017), reductions in MVC have 

been observed in shoulder internal and external rotation values following two 

consecutive matches of approximately 80 minutes in one day, which in absolute 

numbers accounted for roughly two-times the competition duration than that 

performed in this study. This reinforces the idea that duration here might be of an 

insufficient magnitude to evoke changes, especially in players with a significantly 

high volume of training (20h·week-1). Added, although match duration responded to 

typical matches of youth populations, internal load indicators such as mean and 

maximal HR slightly differ from those seen in similar studies (Hoppe et al., 2014). In 

short, reductions in MVC in lower and upper body values seem to appear following 

tennis match-play of longer duration, especially in male players of greater level, while 

results here indicate that 80 minutes of competition seems an insufficient load to 

negatively affect these values in junior players.  

 

In the same way, no decreases in PRFD of the analysed motions were noted. 

Gescheit et al., (2015) observed how consecutive days of prolonged tennis match-

play negatively affected this variable in the IMTP test. However, in a similar way to 
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data concerning MVC discussed previously, RFD values diminished only after day 

two of competition, when accumulated volume of play was at least of two matches of 

240 minutes. Similarly, Ojala and Hakkinen (2013) observed a decrease in RFD in a 

bilateral leg press following the first match (i.e., 120 minutes duration and 13.2 RPE 

values) of a three-day tennis tournament while Girard et al., (2014) found similar 

reductions in knee extensors after a 120-minute match in hot temperature conditions 

(-22 ± 10.9%). Added to this, participants analysed in the aforementioned studies 

highly differed in age (23 ± 3.8 vs. 16.9 ± 1.7) and level (elite vs. competitive) (Ojala 

and Häkkinen, 2013; Girard et al., 2014) from players present in this investigation, 

restating that differences regarding match load and volume alongside age and level 

of play are important factors affecting MVC and PRFD outcomes following 

competition. 

 

RFD at different stages of contraction was unaffected by 80 minutes of match-play. 

Investigations in other sports such as handball reported reductions in RFD as early 

as 50 ms in knee extensors and at 200 ms in both knee extensors and flexors 

(Thorlund et al., 2007). Specifically in tennis, Girard et al., (2014) observed significant 

decreases following 120 minutes of competition in knee extensors at 200 ms of 

contraction in experimented players. Unaffected variables here are surprising as 

tennis match-play characteristics certainly seem to have the potential to affect rates 

of muscle force production due to repetitive accelerations, decelerations, changes of 

direction and high velocity strokes (Mendez-Villanueva et al., 2007). Nevertheless, 

results should be analysed with caution and generally unaltered values could have a 

various number of reasons. First, comparing studies becomes challenging as 

methods to detect force production at different time intervals during a MVC bout are 
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not fully agreed on (Thompson, 2012). Additionally, within-participant variability (see 

Figure 2), especially during initial phases of contraction (<50ms) could reduce the 

capacity of detecting changes, requiring larger sample sizes to do so (Buckthorpe et 

al., 2012). More specifically regarding strength values observed here, RFD would 

seem unaffected as MVC remained unchanged following the simulated tennis match. 

As literature points out, diverse mechanisms affect explosive force production and 

maximal strength seems increasingly dependent on MVC, especially in intervals later 

than 90 ms (Maffiuletti, 2016). Following this idea, inexistent reductions in MVC 

would result in similar RFD outcomes in the tested contraction times. Moreover, other 

key factors identified as mechanisms affecting earlier and later phases of RFD such 

as motor unit discharge rate, fibre type composition, stiffness of the muscle-tendon 

unit and shifts in muscle length and torque production produced by eccentric damage 

(Maffiuletti, 2016) may have been unaffected due to insufficient competitive load. In 

the same way as mentioned regarding MVC and PRFD, 80-minutes of simulated 

competition may have been insufficient to elicit the fatigue mechanisms that would 

progressively affect explosive force production, at any stage of contraction 

whatsoever. Although this study reproduced typical match durations and loads 

regarding junior tennis competition (Galé-Ansodi et al., 2017; Perri et al., 2018), the 

fact that the intervention consisted of a simulated tennis match with lower demands 

than competitive bouts (Murphy et al., 2016) and participants typically performing 

high training volumes throughout their program (20h·week-1) could reinforce the idea 

that the load was not as demanding for participants. This added to age and sex 

differences may result in such different results. In any case, this is speculative, and 

changes remained generally unaffected in all variables, including on-court functional 

performance measurements such as SV.  
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This study had some limitations. Participants were slightly heterogenous regarding 

age, although not in training experience and level. Added, sample size and the fact 

that mixed male and female participants were included in the study may have 

affected results to some extent. Also, the strain gauge used sampled at 200 Hz which 

might be a low frequency for early contraction time measurements such as the 50 

ms. Furthermore, as a recommendation for future investigations, ensuring 

interventions of longer duration and in competitive conditions could seem essential to 

observe changes in the analysed variables.  

 

Tennis is a sport characterized by high training volume that are sometimes distorted 

in several training sessions that take place on the same day with strength and 

conditioning programs following on-court drills and competition or vice versa. This 

study shows that key physical factors such as MVC, PRFD or SV do not seem to be 

negatively affected by relatively low loads of match-play, specifically in simulated 

conditions in junior players with a high training volume background. Various 

significant aspects affecting tennis performance rely on the aforementioned tested 

variables, making knowledge around how training and competition influence their 

outcome of high importance. Therefore, including programs that incorporate 

exercises focused on speed, power and velocity production following simulated 

matches, far from being counterproductive, could be a valid option towards effective 

use of training time. On the other hand, performing these interventions performing 

after matches of longer duration in competitive contexts and especially of greater 

match-load, may not be recommended and coaches should address training in 

consequence. 
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In conclusion, MVC, PRFD, RFD at different time intervals and SV are unaltered 

following an 80-minute simulated match in young tennis competitors, possibly due to 

an insufficient load and subsequent alterations of key factors and mechanisms 

affecting the variables tested. However, RFD values while performing a MVC in the 

IR90, ADD and IMTP positions seem to moderately change following an intervention 

of these characteristics, suggesting that performing a load of greater duration, 

magnitude or with more experimented players with a greater level could result in 

significant changes.  
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STUDY 5 FIGURES AND TABLES 

TABLES 

Table 1. Match load characteristics (n = 20).  

 
HRmax = match peak heart rate; RPE = rate of perceived exertion.  
 
 
 
 
 

Variables Mean ± SD 

Games per match 

Total distance (m) 

15.7 ± 2.72 

3184.6 ± 601.2 

Distance at 0 to > 1 m·s-1 (m) 1260.3 ± 203.5 

Distance at 1 to > 2 m·s-1 (m) 1532.0 ± 386.2 

Distance at 2 to > 3 m·s-1 (m) 267.8 ± 95.5 

Distance at 3 to > 4 m·s-1 (m) 88.8 ± 48.7 

Distance at ≥ 4 m·s-1 (m) 35.6 ± 29.0 

Peak velocity (m·s-1) 5.37 ± 0.73 

Mean velocity (m·s-1) 0.96 ± 0.07 

High intensity accelerations (≥ 3 m·s-1; n) 19.7 ± 10.2 

High intensity decelerations (≥ -3 m·s-1; n) 34.1 ± 19.3 

High intensity accelerations (≥ 3 m·s-1; n·min-1) 0.29 ± 0.15 

High intensity decelerations (≥ -3 m·s-1; n·min-1) 0.49 ± 0.25 

HRmax (beats·min-1) 172.1 ± 19.2 

Mean HR (beats·min-1) 135.0 ± 18.8 

Time spent at <70% HRmax (%) 45.8 ± 32.9 

Time spent at 70-85% HRmax (%) 29.6 ± 16.8 

Time spent at >85% HRmax (%) 20.2 ± 19.9 

RPE 12.4 ± 1.2 



- 178 -

 
 
 

 
 
 

- 174 - 

Table 2. Reliability of test measurements (n = 20) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CV = coefficient of variation; ICC = intraclass correlation coefficient; SV = serve velocity; 
MVC = maximal voluntary contraction; PRFD = peak rate of force development; IR = 
shoulder internal rotation; ER = shoulder external rotation; ADD = horizontal shoulder 
adduction; ABD = horizontal shoulder abduction; IMTP = isometric mid-thigh pull. 
 
 

 ICC (95% CI) CV (%) 

SV 0.970 (0.946 - 0.986)  4.0 
MVC IR90º 0.897 (0.618 – 0.972) 11.1 
MVC ER90º 0.990 (0.958 – 0.997) 6.0 
MVC ADD 0.981 (0.937 – 0.994) 6.0 
MVC ABD 0.923 (0.747 – 0.976) 16.6 
MVC IMTP 0.982 (0.950 – 0.993) 6.7 
PRFD IR90º  0.933 (0.666 – 0.987) 19.3 
PRFD ER90º  0.953 (0.728 – 0.992) 15.3 
PRFD ADD 0.969 (0.884 – 0.992) 19.1 
PRFD ABD 0.937 (0.720 – 0.986) 20.8 
PRFD IMTP 0.844 (0.307 – 0.965) 16.4 
IR 90º 50 ms 0.932 (0.764 – 0.980) 19.2 
IR90º 100 ms 0.965 (0.885 – 0.989) 12.1 
IR90º 150 ms 0.973 (0.911 – 0.992) 13.6 
IR90º 200 ms 0.920 (0.646 – 0.982) 14.9 
ER 90º 50 ms 0.904 (0.615 – 0.976) 18.3 
ER90º 100 ms 0.957 (0.849 – 0.987) 14.1 
ER90º 150 ms 0.907 (0.677 – 0.973) 12.4 
ER90º 200 ms 0.872 (0.486 – 0.968) 11.8 
ADD 50 ms 0.960 (0.862 – 0.989) 14.4 
ADD 100 ms 0.987 (0.959 – 0.996) 7.8 
ADD 150 ms 0.860 (0.514 – 0.960) 14.0 
ADD 200 ms 0.910 (0.689 – 0.974) 16.8 
ABD 50 ms 0.984 (0.941 – 0.996) 11.3 
ABD 100 ms 0.959 (0.848 – 0.989) 13.3 
ABD 150 ms 0.890 (0.558 – 0.973) 14.8 
ABD 200 ms 0.880 (0.399 – 0.976) 16.3 
IMTP 50 ms 0.910 (0.622 – 0.980) 7.2 
IMTP 100 ms 0.915 (0.623 – 0.981) 5.3 
IMTP 150 ms 0.823 (0.286 – 0.956) 14.7 
IMTP 200 ms 0.879 (0.548 – 0.967) 9.1 
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Table 3. Pre- and post-match serve velocity (SV), maximal isometric voluntary contraction 
(MVC) and peak rate of force development (PRFD) changes. 

 
ES = Cohen’s effect size; SV = serve velocity; MVC = maximal isometric voluntary 
contraction; PRFD = peak rate of force development; IR = shoulder internal rotation; ER = 
shoulder external rotation; ADD = horizontal shoulder adduction; ABD = horizontal shoulder 
abduction; IMTP = isometric mid-thigh pull. 
 

 

 

 

 

 

 

 

 

 

Variable  PRE POST ES Change (%) p 

SV (km·h-1) 140.4 ± 11.8 141.1 ± 12.4 -0.14 0.4 .543 

MVC IR90º (N) 125.8 ± 49.2 125.4 ± 54.7 0.19 - 0.3 .475 

MVC ER90º (N) 95.4 ± 35.5 93.4 ± 38.5 0.09 - 2.1 .756 

MVC ADD (N) 85.2 ± 36.7 
 

83.6 ± 31.4 
 

0.23 - 1.9 .388 

MVC ABD (N) 115.4 ± 51.4 
 

114.1 ± 49.6 
 

0.24 - 1.1 .368 

MVC IMTP (N) 938.8 ± 365.8 
 

967.9 ± 402.2 
 

-0.25 3.0 .41 

PRFD IR90º (N·s-1) 954.3 ± 555.6 
 

794.5 ± 391.4 
 

0.33 - 20.1 .202 

PRFD ER90º (N·s-1) 992.4 ± 799.2 
 

1202.5 ± 800.3 
 

0.04 17.5 .898 

PRFD ADD (N·s-1) 935.7 ± 892.9 
 

940.3 ± 683.5 
 

0.07 0.5 .812 

PRFD ABD (N·s-1) 969.9 ± 619.3 
 

976.7 ± 709.8 
 

0.1 0.7 .729 

PRFD IMTP (N·s-1) 5768.6 ± 2222.1 5059.8 ± 2715.8 0.47 - 14.0 .27 
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FIGURES 

Figure 1. Experimental design. a) external shoulder rotation with the elbow and 

shoulder flexed 90º (ER90); b) internal shoulder rotation with the elbow and shoulder 

flexed 90º (IR90); c) horizontal shoulder adduction (ADD); d) horizontal shoulder 

abduction (ABD); e) isometric mid-thigh pull (IMTP). 
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Figure 2. Pre- and post-match rate of force development (RFD) at (A) 50 ms, (B) 100 

ms, (C) 150 ms, (D) 200 ms and (E) during the isometric mid-thigh pull test (IMTP) at 

all stages of contraction (50 ms, 100 ms, 150ms and 200 ms). 

Data are mean ± SD. ES = Cohen’s effect size; IR90º = shoulder internal rotation; 

ER90º = shoulder external rotation; ADD = horizontal shoulder adduction; ABD = 

horizontal shoulder abduction; IMTP = isometric mid-thigh pull.  
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IMPROVING SERVE VELOCITY IN THE YOUNG TENNIS PLAYER. 

PROGRAM DESIGN AND TRAINING 

  

ABSTRACT 

Serve velocity (SV) is an essential component to success in junior tennis players. 

Coaches and practitioners aim at increasing this determinant physical factor to 

maximize efficiency and efficacy towards greater performance and results. 

Concentrically or eccentrically predominant conventional resistance training 

programs have been used to rise SV, obtaining moderate increases. Nevertheless, 

indirect improvements in other components such as asymmetry reductions and 

increased neural adaptations could be of interest following these designs. Other 

methodologies such as medicine ball throws and explosive or power-based programs 

that mimic the serve kinetic chain seem to obtain greater gains in young players, as 

the implication and body structures involved seem more specific to the action. More 

recent methodologies such as flywheel based training or weighted implements or 

limbs also could be of interest, although further studies are needed to confirm the 

effectiveness of these programs and specific load prescriptions. However, data 

suggests including exercises of heavier or lighter loads seem valid options to improve 

SV if maximal intended velocity of execution is performed by the athlete. Added to 

the available literature revision on training methods to increase SV, exercise 

prescription examples are provided to help the strength and conditioning coach to 

increase this key variable. 

 

Key words: resistance training, flywheel, medicine ball throw, rate of force 

development  



- 198 -

 
 
 

 
 
 

- 195 - 

INTRODUCTION 

Improving velocity production in overhead athletes and serve velocity (SV) in tennis 

players particularly has been of paramount importance for strength and conditioning 

coaches. Being a determinant functional factor directly affecting performance in all 

age groups (19,21,27), any practitioner aiming at improving an athlete’s game or 

providing the best tools towards success will eventually design and implement 

programs towards faster serves. Key points influencing SV have been thoroughly 

studied in literature and it seems four main pillars have been identified as 

determinant physical factors affecting the speed of a serve. Technique or 

biomechanics of the stroke (11,22,27,40), specific anthropometric traits (19), range of 

motion (38,52) and strength, power, or neuromuscular characteristics (2,3,7,19) 

seem to shape the final result of a serve. These factors seem to influence the 

outcome in a different way depending on the players age and level (7,19,25,30). As a 

highly complex motor skill, youth, pre-puberal and unexperienced players with 

favorable anthropometric characteristics or a greater technical proficiency may take 

advantage of these abilities to generate faster serves than their peers and rivals, 

therefore increasing performance differences (19). On the other hand, when 

speaking of older, adolescent and more experienced competitors, technique and 

anthropometrics seem to stabilize and differences may appear because of disparities 

in strength and power values (25,30). In this line, literature has found that the 

capacity of producing high levels of strength in short periods of time in movements 

present in the serve kinetic chain is positively related to an increased SV (2,26). 

Because of this, it has been recommended to implement training programs that 

develop power in forceful and rapid rotational movements that include multiple body 

segments present in the totality of the motion (2). Medicine ball throws (MBT) have 
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been established as a valid method to achieve these training recommendations and 

have previously been found to effectively improve SV (14) in young competitors. 

However, other training options and equipment could offer similar benefits or should 

be considered. Investigations have tested improvements in SV following isokinetic 

designs (35), flywheel or machine-based interventions (6), elastic tubing and 

plyometrics (4,13,39), or conventional resistance training tasks (4,28,29). 

Nevertheless, which methodology achieves greater developments or more 

thoroughly adjusts to those determinant factors that shape the young tennis players 

serve may remain unclear. Therefore, this study aims at reviewing studies testing 

training methods towards improving SV, alongside providing the strength coach with 

interesting options considered to be as useful to positively affect SV, directly or 

indirectly, in the junior competitor. 

 

CONVENTIONAL RESISTANCE TRAINING 

Programs focusing on improving strength levels around the shoulder joint, as it 

seems the most important during tennis strokes, have resulted in positive outcomes 

regarding SV improvements (Table 1A). Mont et al., (35) tested the effectiveness of a 

concentric or eccentric based resistance program using an isokinetic dynamometer 

three times a week during six weeks. Both programs seemed to be useful tools to 

improve SV increasing values around 11%.  Treiber et al., (50) also found that 

following a program based on TheraBand® and lightweight dumbbell training was 

sufficient to increment torque in shoulder internal (23.8%) and external (17.8%) 

rotations, alongside SV (6 – 7.9%). The mentioned studies identified improvements in 

experienced populations of a certain age and level. Canós et al., (6) observed that 8 

weeks of training using traditional machines enhanced upper body power levels (i.e., 
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MBT velocity) but SV remained unaltered in junior participants. In this same line, 

Behringer et al., (4) did not find the same outcome when testing a resistance training 

program (around 65 – 85% 1 repetition maximum (RM)) compared to a plyometric 

setting during 8 weeks in young competitors. Contrary, only the plyometric group 

improved SV. Authors hypothesize the necessity of having a certain technical level to 

obtain improvements following conventional resistance training, and although they 

may be moderately beneficial for improving velocity production, this seems to occur 

as factors such as muscle balance, motor control, neural drive or motor unit 

discharge rate are affected by these types of programs. Absolute dynamic strength 

values do not seem to have a strong relationship with SV (28), nevertheless, some 

indirect positive effects may result from implementing resistance training layouts, 

aiming at an increased maximum strength output. Although the serve is a fast 

executed explosive action performed with a rather light implement of around 200-300 

g, long term adaptations derived from heavy weighted maximal strength designs may 

appear if well implemented (27), as an increase in these values is associated with an 

enhanced relative strength and derived power abilities (17). Previously, literature has 

found that following resistance training (4 to 10 RM) programs for long periods 

resulted in moderately enhanced SV (28,29). The use of heavy loads seemed to 

achieve neural adaptations that benefited SV in the long term. Regardless tennis 

abilities seem to be directly influenced by muscular power, this potential is promoted 

by the increase of the force component of the power equation (41). If the intended 

velocity of movement is maximal, increases in muscle size and type II muscle fibers 

will appear as an adaptation to heavy-loaded training (41).  

 

In this line, these programs have also been considered useful to reduce fat 
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percentages and increase muscle mass indexes (28,29). As investigated previously, 

it seems that a more favorable fat-free body mass index and an increased muscle 

percentage could have a positive relationship to faster serves, especially in female 

populations (16,19). Last, considering that tennis is a high asymmetrical sport with 

several muscle imbalances (42–44), resistance training programs aiming at 

increasing overall strength values could be beneficial to reduce these sport-specific 

adaptations. An increased load of unilateral predominant actions such as the serve 

has been associated with glenohumeral internal rotation deficits (GIRD), imbalances 

at the abdominal and lower back level and an increased injury likelihood (37,42). In a 

highly specialized context as youth tennis, programs that aim at optimizing 

performance should include training contents towards minimizing negative early 

sport-specialization adaptations (31). Following this line, resistance training exercises 

have proven to be effective in reducing side-to-side asymmetries (5), which could be 

important not to directly increase SV but to minimize non-desired effects of training 

and match-play, that may compromise the youth athlete’s long-term development.  

 

In short, conventional resistance training seems to moderately improve SV, 

especially in the long term as a part of a structured program and in older more 

experienced competitors. Nevertheless, indirect benefits may be more thoroughly 

achieved by these training options in the form of increased motor unit discharge, 

neural drive, fat free body mass ratios and reduced muscle imbalances. Therefore, 

exercises are presented to provide examples of tasks that intend to assess the 

desired improvements in overall strength gains and reductions in side-to-side 

imbalances in the main body structures involved in the serve (Figure 1). Load 

prescription will follow that recommended by the international consensus and position 
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statement on youth resistance training for improving strength levels in advanced level 

adolescents (32). Exercise selection will intend to include in the program single and 

multi-jointed exercises with an eccentric and concentric predominance at moderate to 

high intensities (70-85% 1RM) for ≥ 3 sets of 6 to 10 repetitions. To achieve the 

previously reviewed positive neural adaptations of resistance training, intended 

velocity regardless the external load will be maximal and rest intervals should be 

sufficient to guarantee maximal exertion in posterior sets (2-3 minutes). The SV 

enhancement program should include a weekly frequency of 2 to 3 sessions per 

week and coaches should ensure technical integrity throughout the program (12,32). 

 

PLYOMETRICS, STRETCH SHORTENING CYCLE (SSC) ENHANCED AND 

SERVE SPECIFIC TRAINING 

Exercises that mimic throwing or striking actions that have a marked SSC nature 

seem to have a greater transfer to functional tennis actions than methods that 

demand movements at constant velocities and resistance throughout the totality of 

motion (54). Fernández-Fernández et al., (14) tested the improvements in SV after 

following an elastic tube and MBT program resulting in significant increases (4.9%) 

after just 6 weeks of training. Also, in further studies including upper and lower body 

plyometric exercises, investigations found notable increases in junior tennis players 

ranging from 1.18% to 7.68% (4,13,15,23,39) (Table 1B). Comparatively, these 

exercises seem to obtain greater benefits than conventional or traditional resistance 

exercises including machine-based layouts or free weight designs with a concentric 

phase predominance (4). It seems MBT based programs or upper body plyometric 

exercises obtain the benefits of applying high levels of force in short periods of time 

involving several body structures present in the serve kinetic chain. Performing these 
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exercises in full range of motion, high-velocity rotations and involving multiple joints 

(i.e., especially around the shoulder complex) seem to reproduce those key physical 

aspects determinant for a fast serve (2). Moreover, the fact that these exercises 

involve a great deal of coordinative skill, benefits may be superior because of the 

technical resemblance to the serve. As suggested previously, investigations seem to 

find a greater strength of associations between strength and power levels and serve 

performance in older more experienced players, while anthropometric traits and 

technical differences may be more important in pre-adolescent or lower ranked 

players (7,19,25,30). Following this idea, programs including MBT involving whole-

body movements with a certain technical similarity seem a valid option for coaches to 

implement in velocity production enhancement programs for the young tennis player. 

Nevertheless, multiple variations of MBT can be found across exercise prescriptions, 

while high-velocity rotational movements may also be achieved using other 

equipment and devices. These specific exercise requirements seem essential 

towards effective improvements in determinant strength factors affecting SV as it 

stimulates the player’s rate of force development (RFD) capacity. Being able to 

produce high levels of strength alongside a big amount of contractile impulse (IMP) in 

short periods of time of under 250 ms in specific upper arm motions has been found 

to have a strong relationship to SV (2) Because of this, regardless the methodology 

and the training mean that the coach selects, some specific indications may be 

essential towards improvement. That is, RFD and IMP may be effectively achieved 

either prescribing high-speed and low load or low-speed and high load resistance 

training as long they include explosive muscle contraction by achieving maximal 

intended velocity execution (2).  
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Following the idea of encouraging technical resemblance, some studies have 

focused on methods that mimic motion and technique in specific situations towards 

SV improvements. Ferrauti and Bastiaens (18) tested the effectiveness of a complex-

throwing intervention of heavy or light ball-throws on SV, finding decrements in the 

high-loaded group and no changes in the light-throw participants. Genevois et al., 

(24) compared an overloaded racquet-based program and a MBT design, although 

this intervention tested results on forehand velocity. Despite the medicine ball group 

showed further improvements (11%) in SV than the overloaded group (5%), this last 

design did not have a detrimental effect on precision as happened when performing 

MBT. Following this idea, Colomar et al., (8) found the use of light weights around the 

wrist did not have a negative effect on accuracy or SV, suggesting it may be a valid 

option towards velocity improvement in the long term. Notwithstanding, it should be 

mentioned that overloading the racquet or limb may negatively affect joint angular 

velocity and upper body structures in consequence (53) as identified in previous 

overloaded throwing programs (34). Therefore, this type of training may be 

recommended and could be useful in preparation stages away from competition, 

however, further studies are needed to assess if the benefits are worth the risk and 

especially establish well defined prescriptions.  

 

Specific tasks and approaches are presented to provide examples of exercises that 

intend to assess the previously mentioned key factors and respond to neuromuscular 

and technical needs (Figure 2). Load prescription will follow recommendations 

established by the position statement on resistance training for improving power 

levels in experienced youth populations (32). This states the importance of using light 

to moderate loads (30-60% 1RM) at an explosive lifting velocity for ≥ 3 sets of 1 to 6 
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repetitions. Recommended resting periods of 2-3 minutes towards offering the athlete 

sufficient recovery time to maintain technical integrity throughout these multijointed 

explosive motions. A weekly frequency of 2 to 3 sessions is suggested (12,32). 

Regarding MBT, prescriptions following loads similar to that offered by Fernández-

Fernández et al., (14) seem a valid option towards improvements in young tennis 

players. 

 

FLYWHEEL-BASED RESISTANCE TRAINING 

As discussed previously, the tennis serve, due to its execution, demands a great deal 

of power output and players take advantage of the stretch-shortening cycle to 

enhance velocity (4). Towards this goal, the efficient use of pre-stretch and eccentric 

contraction to load energy to use in the following concentric phase, it would seem 

reasonable to include in SV enhancement programs exercises that involve these 

aspects. Eccentrically overloaded tasks have proven to induce certain neuromuscular 

adaptations, typically in the form of increases in overall strength, muscle power, and 

hypertrophy (33). Therefore, as devices such as flywheels or conical pulleys have 

been suggested to improve power-based actions, SV may also be increased 

following these training approaches (Table 1C). Canós et al., (6) found improvements 

in upper body power indicators tested via MBT after a flywheel-based program. 

Nevertheless, SV remained unaltered, most likely due to insufficient exercises 

simulating the serve physical needs included in the program. As the authors point 

out, exercises may have lacked to include rotations, various muscle groups, high 

velocities, and sufficient variability to induce significant changes. Therefore, although 

literature is scarce in testing these specific methodologies in junior tennis players, 

exercise and task suggestions are provided to deliver practitioners with interesting 
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options using inertial flywheel devices (Figure 3). Load prescription for youth 

populations using flywheel-based resistance training remains in constant revision. 

Little practical information is available regarding sets, repetitions, and intensities, 

especially for young athletes. Resistance training experience and overall strength 

levels seem to greatly affect the effectiveness of a flywheel-based program (46,47). 

Nevertheless, from a conservative position, most studies obtaining increases in 

hypertrophy, strength and power output used a design following 4 sets of 7 

repetitions with 90 to 180 seconds of rest, no more than twice a week to ensure 

optimal recovery (49). Specific inertial loads towards detailed prescriptions are also 

scarce and literature seems to recommend that regardless the load, athletes resist 

the inertia during the first third of the eccentric action and then apply maximal force at 

the end of the range of motion (46,47). In any case, if training aims at an increase in 

power output, lower inertias should be used, while if the program targets force 

development, higher inertial loads should be chosen (49). 

 

COMPLEX TRAINING 

Following results seen in Canós et al., (6), researchers found the use of specific 

exercises in the form of MBT performed after general strength (i.e., machine or 

flywheel-based) exercises, achieved higher improvements in upper body power 

levels of young tennis players. It is suggested that the inclusion of transfer exercises 

following conventional resistance training tasks may have elicited the benefits of 

complex training layouts (10). This term is known as the completion of a high load 

resistance activity towards the enhancement of a posterior plyometric or ballistic 

action (20). Conventionally used in warm-up protocols to achieve an enhanced 

performance in the immediate posterior competition, it may also be an interesting 
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option to induce greater power levels in training and achieve SV improvements in the 

long term. The rationale behind this phenomenon suggests that increases in muscle 

temperature, intramuscular fluid accumulation and the beneficial changes in neural 

mechanisms elicited by heavy loaded exercises will evoke a post-activation 

performance enhancement (PAPE) that could be used towards more powerful 

exertions (20). A delayed window of action is associated to an effective PAPE, and 

this may depend on the initial exercise performed, the subsequent motion and the 

individual characteristics of the athlete. Literature has mainly focused on lower body 

activities, although some research has given some insight on predominantly upper 

body-based actions towards immediate performance enhancements. Non-specific 

exercises (i.e., bench press) seem to induce moderate PAPE responses in posterior 

similar actions (51). On the other hand, sport-specific conditioning activities found a 

greater induced PAPE when performing overweight implement throws (36) or cable-

pulley specific movements (1). Specifically in tennis, (48) did not observe any 

improvements following a non-specific high loaded exercise (3 sets of 3 repetitions at 

80% 1RM) in the form of a bench press, a half squat, or the combination of both in 

SV. These results are in line with moderate or low PAPE outcomes after general 

strength exercises observed previously (20). In a more serve-specific layout, 

including six upper body ballistic exercises (i.e., a combination of elastic tubing 

exercises and overweight implement throws), (23) found improvements in the 

subsequent SV of young tennis players (1 – 3 %), suggesting PAPE may be more 

effectively achieved when including resistance training in the form of plyometric or 

power-based exercises. Nevertheless, these results intended to obtain an immediate 

PAPE for the following SV enhancement. Contrary, literature is scarce regarding the 

effectiveness of complex training interventions, especially in predominantly upper 
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body or throwing and striking motions and youth populations. Which exercises induce 

effective PAPE, with which load prescription and after which specific window of 

action, remains to be further studied. In any case, the acute neural adaptations 

achieved by heavy-loaded resistance training exercises and the possibility of an 

increased strength and power production in subsequent tasks (45) seems of great 

interest to include in velocity production programs for the young tennis player. 

Therefore, around the previously discussed rationale, complex training blocks of 

exercises consisting of a heavy loaded conditioning activity followed by a plyometric 

task are provided to address the benefits of this training methodology (Figure 4). 

Generally, beneficial results have been observed in lower body actions after 

performing designs that implement heavy loaded exercises of around 65 to 85% of 

1RM followed by a plyometric task (9). In this line, the traditional conditioning activity 

is suggested to be performed at the mentioned intensities while the subsequent 

plyometric or power-based exercise will follow maximal velocity intention with light 

loads of around 30 to 60% 1RM, as prescribed previously for power-based tasks 

(32).   

 

CONCLUSIONS 

In conclusion, conventional resistance training programs can result in increases in 

overall and relative strength levels, which moderately correlate to SV. Nevertheless, 

these methodologies may also have indirect benefits on important aspects that affect 

SV, such as favorable anthropometric traits (i.e., increased muscle mass ratios), 

asymmetry reductions, and neural adaptations for increased discharge rate and 

motor unit recruitment. Power-based training and SSC enhanced exercises such as 

plyometrics achieve large improvements in SV as they stimulate increases in relevant 
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strength and power characteristics for SV such as RFD and IMP. These positive 

adaptations may be attained using MBT or any other means of training (i.e., cable 

pulleys or elastic bands) if the selected exercises implicate the totality of the kinetic 

chain, include high velocity rotations, and especially if they resemble the technical 

execution of the serve. RFD and IMP can be successfully attained prescribing 

different loads and execution speeds of the force-velocity spectrum as long they 

include explosive muscle contraction by achieving maximal intended velocity 

execution (2). Methodologies that perform the specific serve action with slightly 

overweighted implements or limbs may be an option towards improving SV, although 

they should be assessed with caution as load prescription and risk of injury remain 

unclear. Flywheel-based training seems to respond to the contraction characteristics 

of the tennis serve, suggesting it may be a valid option towards SV increases. 

Nevertheless, literature is scarce in the effectiveness of these programs and further 

research would be of great interest. Last, complex training layouts may take 

advantage of the PAPE effect of executing a high load resistance exercise followed 

by a more specific plyometric task, making contrast designs interesting for the 

strength and conditioning coach to implement in young tennis players with a solid 

weightlifting background. Load prescriptions and specific rest time-windows remain to 

be further studied, but benefits achieved in other sporting actions may indicate this 

type of training a valid option for velocity production enhancement. 
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FIGURES 

 

Figure 1. Conventional resistance training exercise examples. 

 

 

Figure 2. Plyometrics and stretch shortening cycle enhanced training exercise 

examples. 
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Figure 3. Flywheel-based resistance training exercise examples. 

 

 

Figure 4. Complex training exercise examples. 
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Figure 3. Flywheel-based resistance training exercise examples. 

 

 

Figure 4. Complex training exercise examples. 
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DETERMINANT PHYSICAL FACTORS OF TENNIS SERVE 
VELOCITY. A BRIEF REVIEW 

 

ABSTRACT 

The tennis serve is considered the most determinant stroke during competition. 

Serve velocity (SV), as one of the utmost influential factors affecting its effectiveness, 

has a multifactorial nature and is determined by technical, anthropometric, range of 

movement and strength parameters. Recent investigations have aimed at 

underpinning the rationale around velocity production to provide practitioners with 

science-based training options and recovery strategies. Nevertheless, to date, no 

study has aimed at bringing together the different parts of the puzzle that comprise 

SV. Accordingly, the present work intends to review the aspects that could positively 

and negatively influence SV. Serving appears to require a certain technical 

proficiency and previous literature has provided serving models towards generating 

faster serves. Nevertheless, depending on the model followed and the phase of the 

action, these necessities may vary. However, aspects such as lower leg drive, hip 

and trunk rotations and upper arm extension and internal rotations seem the major 

contributors to racquet and posteriorly ball speed. Anthropometric characteristics of 

tennis players have been shown to be important determinants of SV. A higher impact 

point achieved by body height or arm length, alongside a greater lean body mass, 

seem to positively influence SV. Strength and power indicators such as maximal 

isometric strength and rate of force development in specific joint positions involved in 

the kinetic chain, alongside performance while executing predominantly stretch-

shortening actions have also been positively correlated to SV. On the other hand, the 

effects of prolonged match-play or high intensity training loads may impair the 

aforementioned factors and negatively influence SV.  
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INTRODUCTION 

In modern tennis, the serve is considered the most determinant action (16,22,27). It 

directly influences the outcome of points and is the only stroke that entirely depends 

on the player's skill when performing it. The complexity of the action is given by the 

necessary coordination throughout the entire kinetic chain (26). The summation of 

forces in an optimal time and space during this movement sequence increases the 

velocity of the different body segments involved in the motion, and ultimately is 

transferred to the ball, resulting in the serve (22,27). If any of the links in the chain is 

not synchronized in an effective way, the result will not be optimal (24). This 

effectiveness is determined by several factors such as its speed, impact angle, spin, 

direction, and precision (4,27). In this sense, serve velocity (SV) has been identified 

as one of the most determinant factors in tennis performance (22,43). Consequently, 

SV has boosted in the professional tour and, in parallel, an increase in aces and a 

decrease in double faults can be observed when analyzing the data (39). Therefore, 

knowledge around mechanisms affecting the capacity of a player to apply speed to 

the stroke is of paramount importance for tennis players in terms of developing 

training programs that improve the action and develop strategies to avoid 

decrements in performance. 

 

From a technical perspective, serving appears to require a certain execution to 

achieve desired results. Several studies have aimed at identifying the main 

biomechanical aspects an effective serve should include, although depending on the 
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serving model followed and the particular phase of the action (i.e., loading, cocking 

and impact), the necessities required towards generating faster serves may vary. 

Yet, it seems clear that lower leg drive, hip and trunk rotations and upper arm 

extension and internal rotations are the major contributors to racquet and posteriorly 

ball speed.  

 

Besides technical indications, certain anthropometric characteristics have been found 

to have a positive relation to SV, making these factors important to be considered. 

The strength of correlations found varies across sexes and playing levels, although 

results seem to indicate the importance of obtaining higher peripheral racket velocity 

at ball impact, which could be increased due to greater body height (BH) or arm 

length (AL) (4,5,25,48). Similarly, body mass (BM) seems to influence SV as the 

principle of force (mass x acceleration) and torque production directly affect a 

player’s velocity production capacity (15,49). This positive relation is more evident 

when analyzing the fastest serves registered in matches (4). Moreover, the influence 

that body composition or anthropometric traits seem to have on SV has led them to 

be considered valid talent identification variables.  

 

Physical capacities and neuromuscular performance variables have also been 

studied in relation to their influence on SV. Maximal dynamic (MDS) (7,28,29)  and 

isometric (MIS) strength (2,3,15,25), rate of force development (RFD), impulse (IMP) 

(2,25), range of motion (ROM) (14,36), muscle contractile properties (7), functional 

measurements of power such as medicine ball throws (MBT) or jumping capacity 

(10,15) have previously been in some way related to higher or lower SV. 

Nevertheless, although the influence of these traits seems clear, the importance and 
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impact of these variables on SV varies across sexes and playing levels due to 

interactions with other parameters present in the complex serve motion, such as 

biomechanics or technique. Thus, knowledge around specific physical indicators and 

how these may vary when assessing different participants seems important for tennis 

practitioners. In consequence, identifying those parameters that better predict a 

faster serve in different populations will be reviewed. 

 

Moreover, impairments in these key factors seem to appear following match-play or 

certain training loads. Previous research has mainly focused on competition 

simulation or data analysis following official events, and although it seems clear that 

tennis play has the potential to affect key performance factors (18,20,23,34,35), how 

overall match-play loads, volume, intensity of play, calendar or travelling may 

influence these characteristics could be of further interest. 

 

Thus, the goal of this investigation was to define the determinant physical factors 

affecting SV and approach differences regarding sex, level, and age. To gather 

relevant literature and research for this review search terms included “Tennis Serve”, 

“Serve Speed”, “Anthropometry”, “Biomechanics” “Physical” and “Training”. Criteria 

regarding participants included players considered as ‘elite’ (belonging to ATP or 

WTA rankings above 1000 at the time of the study), ‘competition’ (players over 18 

years old participating in competitive events without a ranking above 1000 and 

collegiate players), ‘junior’ (players under 18 years old participating in relevant 

competitive events of their age group). Studies performed with players considered as 

‘amateur’ or ‘recreational’ were not considered. 
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BIOMECHANICS AND MOVEMENT COMPETENCY 

From a technical standpoint, the tennis serve seems to demand a certain technical 

execution to achieve the most efficient and effective results. Numerous studies have 

aimed at identifying the main biomechanical aspects an effective serve should 

include. As a key starting point, the speed of the head of the racquet and posterior 

transfer to the ball is the main aspect to achieve towards this goal (11). The height of 

impact and the amount of momentum and forward rotation applied to the ball seems 

the principal contributors towards increasing the head of the racquet’s speed. Thus, 

the influence of angular velocity vectors of the upper arm, forearm, and hand in 

generating this speed seems essential. Specifically, hand and upper arm flexion, 

trunk rotation, and abduction alongside the internal rotation of the shoulder are of 

paramount importance to produce fast speeds (12). This internal rotation gesture has 

been recognized as the major contributor to speed as it is mainly in charge of 

accelerating the upper arm and building up angular velocity in the swing to impact. 

Yet, this explains the moment of impact in the upper arm, while the serve is a 

multifaceted motor skill involving several body structures and stages. In this line, arm 

pronation is responsible for racquet orientation while elbow extension has a high 

influence on impact height, which is an added contributor to head racquet speed 

(11,12). Additionally, authors have recognized rotation and side positioning of the 

trunk as an enabler of generating extra rotation in the horizontal plane to produce a 

shoulder-over-shoulder orientation, increasing available space and energy storage to 

transfer to the consequent phase (11,12). Also, the authors indicate the significance 

of lower limb and pelvic drive as the starting point of the kinetic chain. Extension 

moments in the legs and internal rotation motion in the back hip seem essential 

towards increasing velocity (11,38,44). Because of the fact of being a skill with 
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several phases, the ideal biomechanical layout for faster serves depends on which 

specific stage of the stroke is being examined. Kovacs and Ellenbecker (2011), 

suggested the use of a multi-stage analysis of the serve involving eight stages. 

Depending on the phase, biomechanical demands vary. Those phases responsible 

for velocity build-up seem to be the loading, cocking, acceleration, and impact 

phases. During the loading phase, kinematics mainly refers to lower body positions in 

which the authors identify two main techniques (i.e., the foot-back and the foot-up). 

Although the foot-up seems to generate greater vertical forces which would be 

interesting to transfer throughout the kinetic chain, no ball velocity differences are 

observed between these two techniques. The foot-back style provides greater 

upward and forward push-up while the foot-up provides a stable axis of rotation on 

which players rely to generate momentum. Also, during the loading phase, the 

importance of shoulder and pelvis lateral tilt has been identified, as this specific 

alignment facilitates the development of angular momentum through lateral trunk 

flexion during forward swing (27). The cocking phase is known for the importance of 

driving the racquet down and behind the torso allowing greater storage of elastic 

energy and an increased path before impact. Maximal shoulder external rotation is 

reached and a close parallel position between racquet and trunk seems important. 

Accelerating the racquet from this position until impact is known as the acceleration 

phase. A rapid rotation force occurs from the lumbar spine and forceful concentric 

internal rotation movements oversee generating velocity. Trunk rotation, elbow 

extension, shoulder internal rotation, and hand flexion are the main contributors to 

momentum in this phase (11,12,17,33,40). During contact, the best kinematic models 

indicate that the shoulder should be slightly abducted and the elbow, wrist, and lead 

knee somewhat flexed. It is suggested that optimal impact point should happen at 
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110º angle of elevation between the upper arm and trunk (27). Last, all these 

structures bear a great level of eccentric forces towards decelerating the movement, 

although no velocity is being generated from this phase onwards. In short, depending 

on the serving model followed and the specific phase of the motion, certain 

biomechanical and technical needs are present towards generating faster serves, 

however, it seems clear that literature establishes knee extension and lower leg 

drive, hip and trunk rotation and elbow extension, shoulder internal rotation, and 

hand/wrist flexion as the major contributors to angular momentum towards 

transferring speed to the head of the racquet and posteriorly to the ball. These 

motions and body positions seem to be the most correlated to successful fast serves 

and performed by those players capable to apply speed to the ball effectively (17). In 

this line, main aspects mainly differentiating younger and lower ranked players with 

their more experienced peers appears to be the spatial position of the hand with 

respect to the hip before impact.  

 

ANTHROPOMETRIC CHARACTERISTICS 

The height of the impact location of the ball during the serve and the BH of the player 

seem to be the most important factors affecting the capacity to produce high velocity 

serves (48) (Table 1). Biomechanically, hitting the ball in a higher spot increases the 

available space towards the opponents serve box. Because of this, hitting the ball in 

higher locations allows the player to offer a more optimal trajectory and achieve a 

higher SV (48). Literature has identified BH, AL and jumping height as the main 

conditioning factors affecting the height of ball impact (10,15,48) and therefore are 

highly related to the capacity of a player to serve faster. BH, besides being a key 

factor allowing to achieve higher ball impact points (15,41) has previously been 
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identified as the anthropometric characteristic that mostly affects SV in male 

participants (4,15,35). These studies identify this characteristic being of greater 

importance than in female players. Although being these differences present, many 

investigations have mentioned the positive relationship between SV and first 

(4,5,15,25,36,48) and second (5,48) serves in both, male and female competitors. 

These studies show that the sub-maximal nature of the second serve and prioritizing 

control over attaining a greater SV makes this stroke have a lower relation with BH 

than the first serve (48). In fact, Baiget et al., (2022) found that BH did not correlate 

significantly with SV in the second serve in male elite players (4). Besides this, the 

length of the racquet-arm complex has proven to have an influence on impact point 

height and therefore SV (15,25). Fett et al., (2018) and Bonato et al., (2014) found 

considerable positive correlations between AL and SV in all groups of ages included 

in their study (r = 0.24* – 0.56**). In this case, longer limbs would not only increase 

the point of impact but would give the opportunity to the player to transfer a greater 

tangential and achieve greater SV (5,15,25). Further anthropometric characteristics 

such as BM and body mass index (BMI) have also been studied in relation to SV and 

have found certain correlation between these parameters. Fett et al., (2018), Hayes 

et al., (2018) and Baiget et al., (2022) found important relationships between BM and 

SV (♂ r = 0.44** – 0.57** and ♀ r = 0.35** – 0.39**; r = 0.68); r = 0.593**, 

respectively). Also, Fett et al., (2018) and Wong et al., (2014) found positive 

correlations between BMI and SV (r = 0.12 – 0.40**; r = 0.577**), while no significant 

relations between this variable and SV were found in elite players in either the first or 

second serve in Baiget et al., (2022). In terms of an athlete’s capacity of being able to 

produce strength levels, and following allometric theory (49), an increment in BM in 

accordance with BH is traduced into an increment in torque production. 
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Consequently, greater BM or BMI may assist in the capacity of producing faster 

strokes and increasing SV, always considering that an increment in these variables 

without a close control on lean mass and fat ratios could negatively affect agility and 

change of direction (4). Contrary to BH, BM has showed strong relations to SV in 

female participants (14,15). In this line, considering the advantages of producing 

greater strength levels, it seems tennis demands of female competition (i.e., lower 

stroke frequency) would demand profiles to shift towards players with a tendency to 

endomorph body types (15) unlike male competitors, which may rely more thoroughly 

on BH and other physical factors influencing SV. A factor to consider is that BM and 

BMI are modifiable parameters from training (28,29)(28,29) and it is suggested that 

the optimization of programs could have positive effects on performance, always 

considering the detrimental effect on speed and agility a non-optimal program of 

these characteristics could have. 

 

***Insert Table 1 about here*** 

 

STRENGTH, POWER AND ROM 

Beyond the importance of anthropometric parameters in achieving greater SV, 

knowledge around physical factors affecting this stroke has also received thorough 

attention in literature. Studies have established different strength aspects as 

determinants of SV (Table 2). Initially, MDS needs during strokes seem to be low 

(28), as the weight of the implement (i.e., racquet) ranges from 200 to 400 g and in 

this line, studies assessing this variable via bench press have not found strong 

associations between this variable and SV (7,28). Because of this, investigations 

have typically aimed at analyzing MIS values at specific joint angles observed 
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throughout the kinetic chain, involving upper and lower body structures. Most of 

these studies concluded that the main contributor to a greater SV is shoulder internal 

rotation (6,12). More recently, literature has focused on different positions around the 

upper limbs and has included lower body in testing. These investigations found 

positive relations between MIS and SV in most arm positions tested involved in the 

serve kinetic chain (2,3,25), being the wrist flexion, extension, shoulder flexion and 

internal rotation the movements with stronger associations (r = 0.54-0.67*). 

Notwithstanding, Baiget et al., (2016) considered these positive correlations present 

in specific positions and involving MIS of few muscle groups would not be a strong 

predictor of SV by themselves but only accounted for one piece of the puzzle. In this 

line, authors perform a multiple regression analysis indicating a 55% of SV variability 

could be explained by the combination of shoulder internal rotation and shoulder 

flexion MIS. Added to this, besides the combination of different joint positions and 

movements involved in the serve, certain strength levels regarding RFD and IMP 

may also positively influence SV. Baiget et al., (2021) investigated the influence of 

RFD at different time intervals (i.e., 0-250 ms) alongside IMP on SV. Authors 

conclude that the ability to produce force rapidly (RFD) and the accumulation of force 

over a given period (IMP), especially in rotational movements, seem to be more 

determinant than MIS to generate high velocity serves. As the authors point, although 

the early phases of RFD in the shoulder internal rotation account for roughly 50% of 

SV variability, the multiple regression analysis showed other shoulder positions and 

force-time characteristics as important contributors to faster serves. Therefore, while 

all mentioned aspects seem important contributors to velocity production, the 

combination and interaction of these variables, alongside those of a different nature 

(i.e., anthropometry, technique, ROM, etc) seem to determine the capacity of a 
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player to produce fast serves.  

 

As greater upper body strength and power levels seem to positively influence SV, the 

role of lower body values is not as clear. The elevation the body experiences with 

respect to the floor when extending ankles, knees and hips affects the height of the 

ball impact spot (10,27). Following this idea, it could be considered beneficial to have 

greater strength and power levels in the lower body, that could derive into higher 

impact points and therefore increasing SV. In any case, the low relationship between 

SV and CMJ assessments or leg extension maximal isometric contractions (3,7,10) 

indicates that the influence of this variable may be relatively low. The authors 

emphasize the differences between both motions and suggest the introduction and 

use of more specific jumping tests that include both upper and lower body (i.e., 

sergeant jump). Literature seems to agree to grant the lower body a coordinate role 

in the serve motion, most likely linked to coordination and technique rather than 

affecting SV by themselves. However, some studies have found a positive effect of 

lower body strength and power parameters and SV, showing knee extension velocity 

(r = 0.751**) (49), knee extension strength (r = 0.36) (37), isometric mid-thigh pull test 

(IMTP) (r = 0.87**) (Hayes et al., 2018), jumping height in a CMJ (r = 0.715**; 0.77**) 

(13,25), hop tests (r = 0.31* - 0.36*) (36) or even the level of stiffness of the 

gastrocnemius muscle (r = 0.45*) (7) as predictors of velocity in this stroke. These 

studies give importance to the role of ground reaction forces (GRF) and the ability to 

transfer to the upper segments of the body. As higher power levels in the lower limbs 

seem to relate to generating greater GRF (26,36), these parameters would also be 

beneficial for SV. Because of these reasons, although the lower body seems to have 

a more coordinative role than a velocity generator, greater strength and power levels 
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could favor an appearance of GRF of greater magnitude and, if the transfer 

throughout the kinetic chain is effective, SV would be enhanced. Regarding the 

stabilization functions and transfer of the generated GRF, the trunk is considered 

essential towards effective serving. Some studies (1,31) agree in granting this region 

not only a coordinative role but as a force transfer link in the kinetic chain. Although 

literature has generally not investigated relations between trunk power and strength 

levels and SV, Wong et al., (2014) found that peak velocity of hip extension positively 

influenced SV (r = 0.657*).  

 

Although as mentioned, certain isometric force-time curve values seem to be 

indicators of SV, literature considers power and the effective use of the SSC as more 

specific indicators. The technical execution of a serve implies a pre-stretching of 

most of the muscle groups involved in the motion, being the elastic energy storage 

and rebound capacity of the muscle of great importance for the action. Medicine ball 

throws (MBT) have proven to be a useful tool to assess upper power (14,15). This 

type of assessment allows the summation and transfer of forces throughout the entire 

kinetic chain and is considered an interesting method to obtain values of power in 

tennis specific motions. A great number of studies have found positive correlations 

between MBT distance or speed and SV or even other tennis strokes (9,14,15,46). 

Fernández-Fernández et al., (2019) point out that MBT distance is an important 

predictor of SV in male tennis players (r = 0.418 – 0.638*). Fett et al., (2018) show 

that power values established from MBT is one of the best predictors for SV (r = 0.2 – 

0.63**), in both male and female competitors and especially as age advances. In 

younger players, although distance in MBT could be useful to predict SV, this would 

present a stronger interaction with SV in male competitors (14,15). Added, it has 
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previously been hypothesized that the influence of these abilities seems to rise in 

importance as the players level and age increase (7,15)(7,15). These investigations 

theorized that technical and coordinative aspects seem more relevant in young 

inexperienced players, as physical factors might become more important as technical 

capacity is solid in all performers.   

 

Besides strength and power values and measurements, ROM of joints involved in the 

serve motion have shown important relationships with SV (6,36,49). Cohen et al., 

(1994) found positive relations between SV, wrist flexion ROM (r = 0.338*) and 

shoulder internal rotation (r = 0.324*). Wong et al., (2014) point out an important 

relation between SV and shoulder ROM during the deceleration phase of the serve (r 

= 0.616*) and with the knee in the sagittal plane. Last, Palmer et al., (2018) found 

relations between SV and hip ROM (r = 0.39), establishing the capacity of a player to 

achieve certain movement degrees, especially in the shoulder complex can aid SV 

and therefore increase performance. 

 

***Insert Table 2 about here*** 

 

FACTORS NEGATIVELY AFFECTING SV 

The previously discussed physical parameters positively related to greater SV may 

be altered by tennis match-play. As these variables are directly linked to the 

multifactorial nature of the tennis serve, fatigue is considered as a triggering aspect 

negatively influencing SV. Metabolic exhaustion, muscle impairment, soreness and 

functionality are directly related to a descent in muscular strength (34) and have the 

potential to negatively affect SV. More specifically, literature indicates that the main 
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performance aspect negatively affected by fatigue is precision (8,21,42). Davey et al., 

(2002) and Rota et al., (2014) found reductions in serve accuracy after performing a 

maximal intermittent activity (-30% and -11.7% respectively), attributed to lactate 

accumulation. Added to effects on precision, fatigue in certain regions and on 

determinant strength and power variables seem to be main contributors to decreases 

in SV (8). Notwithstanding, this fatigue does not seem to affect all players in the 

same way and is most likely determined by match load, experience and playing level. 

Terraza and Baiget (2021) (45) found no reductions in accuracy or SV following a 

resistance training or MBT protocol, suggesting although impairments could have 

appeared in strength and power levels, players may rely on different neuromuscular 

parameters to maintain performance during the serve. Maquirrain et al., (2016) (30) 

and Moreno-Pérez et al., (2019) did not observe reductions in precision or speed of 

elite tennis players after 5-set matches. On the contrary, studies have found 

reductions in SV (3.9 – 4% and 2 km·h-1) in competition players of lower level 

(32,42,47) or age (19), suggesting experienced athletes could be able to find 

strategies to avoid the reduction of SV in fatiguing situations. Nevertheless, 

investigations are limited when examining the influence of fatigue on SV in young 

competitors, making of great interest further studies on the topic. Research has not 

uniquely focused on fatigue caused by the direct outcome of tennis practice or 

competition but has investigated the effect of prolonged play or repetitive bouts of 

play on SV (Table 3). In this line, the organization model tennis follows has proven to 

negatively affect SV (18,21). Gallo-Salazar et al., (2017) found reductions in SV 

attributed to playing two tennis matches in one same day. One of the main reasons 

these decreases happen is the loss of functionality around the shoulder region 

caused by activities maintained and repeated in short periods of time (32,35). These 
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studies show shoulder strength deficits and ROM impairments in internal and 

external rotation values after performing a certain volume of tennis-play. Authors 

agree and recommend the application of intervention programs including strategies 

to reestablish values before competition or practice, especially in players without a 

sufficient experience and level to take advantage of technical proficiency or tactical 

decisions to replace reductions in SV. 

 

***Insert Table 3 about here*** 

 

PRACTICAL APPLICATIONS  

• Depending on the serving model followed and the specific phase of the 

motion, certain needs are present towards generating faster serves, however, it 

seems clear that knee extension and lower leg drive, hip and trunk rotation and 

elbow extension, shoulder internal rotation, and hand/wrist flexion are the major 

contributors to angular momentum towards transferring speed to the head of the 

racquet and posteriorly to the ball. These indications should be encouraged by 

coaches towards technical proficiency. 

• Talent identification programs should consider that BH and AL, as the capacity 

of reaching higher ball impact locations seems to correlate strongly with SV. Also, it 

has been found that BM has a positive influence on SV, although the importance of 

muscle mass and lean increases should be considered.  

• Force-time parameters (MIS, RFD, and IMP) around the shoulder joint are 

good predictors of SV across sexes and especially as age and level increase. 

Nevertheless, lower body values do not seem to correlate as strongly, and literature 

seems to agree that they should be considered as an important link in transferring 
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velocity production throughout the kinetic chain. Added, MBT seem a valid option to 

assess upper body power values as they mimic the serve motion and require rotating 

actions executed at high velocities.  

• Intense match-play or training sessions performed regularly have the capacity 

to reduce SV and accuracy. Elite and experienced players seem to be able to 

maintain SV relying on other aspects involved in the execution of an optimal serve 

(i.e., ROM, technique, or tactical decisions), but repetition of competitive bouts or 

intense match-play will most-likely end up negatively influencing SV. Thus, effective 

recovery strategies to reestablish initial strength and power values as soon as 

possible should be implemented, especially in younger and inexperienced 

populations in which the negative outcome could be more evident. 
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As the main body of this thesis comprises a number of studies of various topics 

respoding to different goals, the discussion will be organized in different sections. 

Determinant physical factors related to age an level will be discussed first, while 

competition-induced fatigue results from studies 3, 4 and 5 will be reviewed 

posteriorly. Finally, some insights on the analysis of training methodologies towards 

stroke velocity improvement will be discussed. 

 
DETERMINANT PHYSICAL FACTORS AFFECTING 
STROKE VELOCITY 
 
Studies 1 and 2 focused on trying to establish those main physical factors affecting 

velocity production in young players. In the upcoming section and following the 

obtained resuts, how different strength variables affect speed in a specific sample of 

tennis players will be reviewed. Comparisons with previous investigations testing 

similar variables in other population samples will be discussed. Also, novel strength 

indicators such as mechanical muscle properties and force-time curve variables will 

be argued as their influence on stroke velocity remains a limited field of study. Study 

8 will not be discussed as it constitutes a brief review of all those previosuly studied 

physical variables that affect SV mentioned in the framework of this work. 

 

Upper body strength and power variables 
 
Stroke velocity, especially studied in the serve, seems to be a clear capacity of 

multifactorial nature. Previous literature established four main pillars when speaking 

of those factors affecting velocity production. Biomechanics or technique (B. Elliott, 

2006), range of motion (Palmer et al., 2018; Wong et al., 2014), anthropometrics 

(Bonato et al., 2014; Vaverka & Cernosek, 2013)Baiget et al., 2022), and 
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neuromuscular levels (Baiget et al., 2016, 2021; Fett et al., 2020; Hayes et al., 2021) 

shape the final speed of a players’ stroke. Nevertheless, preceding investigations 

had mainly focused on male competitive players and maximal measures of MIS and 

upper body explosiveness via MBT in relation to SV without including groundstroke 

speed analysis. Study 1 added to the rationale a group of relatively unstudied 

neuromuscular variables in junior players with an international tennis number (ITN) of 

around 3-4, alongside forehand and backhand velocity measurements. Results 

showed no significant positive correlations between stroke velocity and most of the 

tested variables. In line with previous investigations that found low to moderate 

relations between MDS and velocity production (Kraemer et al., 1995), no positive 

associations were found here in this sense. Maximal power output in a relatively 

unspecific exercise layout such as the bench press showed no correlations to any of 

the tested strokes, restating MDS may not be the best predictor for velocity 

production in young competitors. Tennis strokes are performed with relatively low 

loads at high speed of execution while performing a global movement with several 

body segments involved. Thus, it may not be properly assessed with such a 

decontextualized measurement (Fernandez-Fernandez et al., 2014) regarding 

mobilized loads and movement specificity. On the other hand, regarding MIS 

measurements in different joint positions and upper body power tests using MBT, 

results were rather surprising, as previous investigations have established these 

variables as highly related to stroke velocity (Baiget et al., 2016; Fernandez-

Fernandez et al., 2019; Fett et al., 2020). Outcomes concluded from study 1 may 

indicate certain differences in the strength of associations of the multiple variables 

that form a stroke’s speed depending on the subjects analyzed. In a similar way as 

seen previously in young participants (Fett et al., 2020), strength and power variables 
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variance in SV was determined by the combination of upper and lower body joint 

positions involved in the serve motion (Figure 19 and Table 2). This seems to 

indicate that not only the capacity of producing force in short periods of time is 

important to apply speed to the ball, but to be able to produce these levels of RFD 

and IMP in several joint positions in a coordinated manner is greatly determinant.  

 

Table 2. Isometric force-time curve variables included in the stepwise multiple 
regression analysis to explain the variance on mean SV. 
  

Step 
Independent 

variables 
entered 

Correlations 
SEE p Regression equation 

r r2 Adj. r2 

1 PRFD_IMTP 0.80 0.64 0.61 7.7 <0.001 y = 116.18 + (0.004 x PRFD_IMTP) 
 

2 SHF_IMP0-200 0.91 0.82 0.79 5.6 <0.001 y = 102.59 + (0.003 x PRFD_IMTP) + 
(1.433 x SHF_IMP0-200) 

PRFD_IMTP = isometric mid-thigh pull; SHF_IMP0-200 = impulse from 0 to 200 ms; Adj. r2 = adjusted coefficient of 
determination; SEE = standard error of estimate. 

 

Lower body influence on stroke velocity 

Regarding lower body, studies 1 and 2 tested the influence of these body segments 

in stroke velocity. Previously, some investigations found positive correlations 

between isokinetic testing and SV (Girard & Millet, 2009; Kraemer et al., 1995; 

Palmer et al., 2018; Pugh et al., 2003; Wong et al., 2014). These studies restate the 

importance of GRF and the capacity to transfer energy from lower to upper body 

segments. As greater strength and power levels could favor an appearance of GRF 

of superior magnitude (Palmer et al., 2018), these parameters would also be 

beneficial for enhanced stroke velocity. Nevertheless, studies included in this work 

did not test the influence of isokinetic testing of lower limb motions but approached 
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this issue with explosiveness and power measurements, as they seem more specific 

to strength needs of the tennis actions. Previous works tested the relationship 

between jumping capacity and SV. Dossena et al., (2018) found moderate positive 

associations between this variable and first and second serves, while other 

approaches found no significant associations (Bonato et al., 2014). In this line, 

results from the studies included here found no significant positive results between 

the squat jump (SJ) and CMJ and any of the tested strokes (serve, forehand or 

backhand). Although the legs are considered a key link in the kinetic chain, 

explosiveness and power values registered with jumping tests seem unclear to be 

representative of a player’s capacity to hit the ball faster. This may not necessarily 

indicate that this body segment is not important or has low contribution to velocity 

production. On the contrary, it is suggested that this contribution is of a more 

coordinative nature rather than a velocity generator. Jumping capacity alone may not 

be representative of faster strokes, on the other hand, it might be indicative of the 

capacity of transferring energy from lower to upper body segments in which the final 

velocity of the stroke is shaped (Bonato et al., 2014; Fett et al., 2020). Nevertheless, 

if this coordinative link and energy transfer fails, speed will most likely be negatively 

affected. Moreover, this idea is supported by results found in study 2. The IMTP 

testing was included in the mentioned investigation to provide insights on the 

influence of lower body motion force-time curve variables on SV. Results showed 

strong associations between maximal voluntary contraction (MVC), PRFD, RFD and 

IMP in short time intervals in young competitors. As suggested in previous 

investigations, obtaining higher values of force in short periods of time in the lower 

body will traduce in velocity gradually increasing from the legs towards the long-axis 

rotational elements such as the upper arm (Girard et al., 2005; Hayes et al., 2021). 
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Added to this, time availability during the concentric phase of the stroke is extremely 

short, restating the importance, as happens when analyzing upper body, of 

generating force rapidly in short time windows (<250 ms). Furthermore, in a similar 

way to the concept mentioned regarding the summation of force-time values in 

several upper body joint positions, the multiple regression analysis performed in 

study 2 showed a great deal of SV variance when combining a lower body motion 

such as the IMTP and SHF. This indicates the importance of assessing MVC, RFD 

and IMP values in a global manner to properly approach whole body motions such as 

tennis strokes (Figure 20). Moreover, the coordinative influence of the legs in 

combination with the importance of including multiple body segments and 

coordinative elements for young and lower ranked players restates the importance of 

training this key capacity in a global manner with full body fast executed tasks. 

 

 
Figure 20. Quadrant chart showing relationship between SHIR and IMTP values of players that serve 

above and below group average SV. 
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Muscle contractile properties 

Study 1 included an interesting unstudied concept regarding physical aspects that 

may influence stroke velocity. Predominantly lower body actions such as sprinting, 

jumping, and changing direction have previously been linked to greater stiffness of 

the muscle-tendon unit (Brughelli & Cronin, 2008; Kalkhoven & Watsford, 2018; 

Pruyn et al., 2014). It is suggested that this enhanced stiffness allows the athlete to 

store more elastic energy during ground contact and generate greater force output at 

push-off, increasing running speed or jumping capacity (Brazier et al., 2019). Being 

the tennis strokes actions with several SSC phases throughout the entire kinetic 

chain, it seemed interesting to analyze the influence of complex neuromuscular 

aspects such as contractile properties. Results showed an increased stiffness of the 

gastrocnemius (r = 0.45) and infraspinatus (r = 0.42) alongside a decreased level in 

the pectoralis major (r = 0.45) positively correlated to faster serves and forehands. 

This indicates a certain influence of the level of stiffness on stroke velocity, 

nevertheless, if a greater or lower level of this capacity is beneficial or detrimental 

remains unclear. The capacity of a stiff structure to absorb and re-use rapidly greater 

amounts of elastic energy for a given force (Kalkhoven & Watsford, 2018) would 

certainly seem beneficial for highly dynamic actions such as strokes. On the other 

hand, results in study 1 showed positive associations between lower levels of 

stiffness in the pectoralis major and forehand velocity. This suggests that an 

enhanced level of stiffness in certain muscle groups could be counterproductive for 

velocity production. Complex motor skills such as strokes may rely highly on 

technical aspects and effective coordination that could be high jacked by high levels 

of stiffness. Tightness and increased peak forces may affect ROM and consequently 

velocity would be negatively affected. As suggested in study 1, a stiff structure could 
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COMPETITION-INDUCED FATIGUE AND ITS 
INFLUENCE ON DETERMINANT PHYSICAL 
FACTORS OF STROKE VELOCITY 
 
The following section will review the findings resulting of studies 3, 4 and 5. Changes 

on the relevant physical factors mentioned in the previous section induced by 

competition-induced fatigue will be discussed and differentiated by either short-term 

acute effects or long-term adaptations to prolonged tennis exposure. 

 
Acute effects on mechanical muscle properties  
 
Study 3 tested the effects of an 80-minute simulated tennis match on relevant muscle 

mechanical properties involved in tennis actions. These factors, although relatively 

unstudied, seem important towards effective velocity production in tennis strokes. 

Therefore, how these variables are affected by typical match loads present in youth 

competitive events could be of interest. A series of conclusions can be drawn out 

from the results obtained. First, mechanical property measures seemed unaffected 

by the particular load layout proposed in the investigation. This may be due to a 

series of factors that would explain generally unaltered values. Previous works found 

MVC and ROM around the shoulder and hip to be negatively affected by match-play 

(Gallo-Salazar et al., 2017; Gescheit et al., 2015). Nevertheless, these alterations 

appeared in response to generally greater volumes of play or even consecutive 

matches. Tennis competition certainly seems to have the potential to induce muscle 

damage and coupling impairment (Mendez-Villanueva et al., 2007), which generally 

lead to redistribution of sarcomere length and increased stiffness and tone. 

Notwithstanding, following repetitive predominantly SSC actions, inflammatory 

responses and edema can appear, and these are associated with reduced muscle 
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duration. Youth competitors and lower ranked players seem to perform less actions 

at high intensity, a smaller number of strokes and accelerations and decelerations 

due to lower fitness levels (Hoppe et al., 2014; Kovalchik & Reid, 2017; Perri et al., 

2018). This may indicate that the proposed match load and intensity of play was not 

of a sufficient magnitude to induce changes in the tested variables. In accordance, 

central fatigue measures in the form of balance testing were also unaltered. This 

variable was included to establish how players may have used different mechanisms 

towards minimizing the effects of match fatigue and use various compensatory 

pathways to avoid this issue. Notwithstanding, although results showed a certain 

trend towards decreases and this may be indicative of finding negative changes if 

greater load exposures are present, results were generally unaltered. In short, 

although match-load responded to typical efforts seen in single non-consecutive 

events performed by young tennis players, this was of an insufficient magnitude to 

induce changes in mechanical muscle characteristics or central system fatigue 

indicators. Relatively low loads could be explained by the age or competitive level of 

the assessed players, and consecutive bouts of play or a greater competitive 

intensity may be necessary to affect the tested variables. 

 
Chronic effects on mechanical muscle properties 
 
Muscle contractile characteristics may be affected by repetitive bouts of competition 

or tennis practice. As 80-minutes of match play seemed insufficient to affect the 

tested variables, study 4 intended to examine the prolonged effects of tennis 

exposure on mechanical properties established as important for velocity production. 

Thirty-four players were analyzed and results comparing dominant and non-dominant 

limbs showed small-to-moderate differences in some of the muscle groups tested. In 
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Nevertheless, measurements showed rather low effect sizes when comparing a 

relatively unaffected limb as the non-dominant and the leading side of the body, 

restating the idea that passive measurements of contractile properties may not be the 

best form of assessment. Tennis strokes are performed with a fast execution and 

explosive predominance which would make interesting adding active assessments to 

future research. Moreover, the positive influence of stiffness to enhanced velocity 

production and the possible counterproductive effect it may also have on technical 

integrity and ROM remains unclear. As a future perspective it would also be 

interesting to examine the relationship between mechanical muscle property 

measurements and their association to injury risk. 

 
Acute effects on strength and power parameters 
 
Study 5 examined the acute effects of competition on strength and power variables 

that were concluded essential towards effective velocity production in the young 

tennis player. Following this idea, PRFD, RFD and IMP at different time intervals 

were tested before and after an 80-minute simulated tennis match. Interestingly, 

upper, and lower body measurements were included, alongside joint positions that 

seem to respond to the motion of the forehand and backhand. This intended to 

provide information on how repetitive groundstrokes and not only serves could also 

affect force production in short time windows. In addition to these assessments, pre- 

and post-match SV was registered to analyze if a functional measurement followed 

strength and power outcomes. As observed in study 3, force-time curve variables 

were generally unaltered following the simulated tennis match (Figure 24). 
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equal match durations. As observed in comparative match durations across levels 

and ages, professional older competitors present a higher number of strokes and 

high intensity bouts of play compared to younger participants with a lower ranking 

(Kovalchik & Reid, 2017; Perri et al., 2018)  as those included in study 5. This fact 

could be the main reason no significant changes appeared and would restate that as 

age and playing level increase, match loads follow this increment and build the 

potential to affect key strength and power variables that affect velocity production. 

Following this idea, including programs that incorporate exercises focused on speed, 

power and velocity production following competition, far from being 

counterproductive, could be a valid option towards effective use of training time. On 

the other hand, performing these interventions after matches of longer duration or in 

consecutive days that result in greater match-loads, may not be recommended and 

coaches should address training in consequence. Also, with the idea of minimizing 

the effect of competition-induced fatigue on stroke velocity, giving players the tools to 

overcome this issue remains important. Analyzing investigations observing elite 

players in highly competitive events, results indicate SV can be unaltered following 

long match durations of great load. This may happen because older more 

experienced players may be able to maintain velocity production by relying more 

thoroughly on some of the mechanisms that affect stroke velocity. Percentual 

contribution to final speed remains unclear and it seems that it is the result of the 

summation of technical proficiency, anthropometrical aspects, ROM, and strength 

levels. Under fatiguing conditions, high level players may rely on one of these 

aspects over another to compensate the reduction of an affected aspect. If this is so, 

it would explain the capacity of elite players to maintain SV even in matches of a very 

high level and long duration (Maquirriain et al., 2016), hence suggesting training 
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interventions should aim at providing the tennis player with enhanced relevant 

strength levels, anthropometric traits, ROM, and movement competency. 
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TRAINING METHODS AIMING AT ENHANCED 
STROKE VELOCITY 
 
Study 7 reviewed those training methods that better addressed the specific needs of 

the tennis serve alongside program designs that enhance those physical factors 

established as determinant for velocity production. These methods were mentioned 

and examined in the framework section of this work, together with specific exercise 

prescription suggestions presented in study 7. Briefly summarizing the concepts 

already mentioned, programs intending to increase velocity production in the serve, 

or any other tennis stroke are recommended to follow a series of premises to obtain 

positive adaptations. First, designs and protocols aiming at optimizing this key factor 

should include exercises performed with maximal intended velocity regardless the 

load. This seems to stimulate the improvement in strength and power values that are 

essential towards increasing velocity (i.e., RFD and IMP). Added to this, the 

importance of movement resemblance and exercise specificity seems relevant to 

obtain greater results, especially in young participants that would thoroughly benefit 

from coordinated motions that implicate the totality of the kinetic chain while 

mobilizing loads. Designs including plyometric tasks and specific gestures seem to 

obtain greater results in young populations than those programs that offer 

decontextualized heavy loads in unspecific body motions (Behringer et al., 2013; 

Fernandez-Fernandez et al., 2016). Following this idea, some investigations have 

offered results on stroke velocity improvements after following layouts using weighted 

rackets (Genevois et al., 2013). This seems to be logical as these motions are highly 

specific to the tennis motion and are performed at maximal velocity with light loads. 

For this reason, study 6 aimed at observing the acute effects of using light wrist 

weights (50 – 200 g) on stroke velocity in young participants (Figure 26).  
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are needed to establish wrist weights as a valid training approach towards increasing 

stroke velocity in young tennis players. Nevertheless, results found in study 6 seem 

an interesting starting point towards this idea, as no negative effects on speed were 

found for any of the tested conditions. 
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CONCLUSIONS 
 
In the following section, conclusions based on the 8 publications will be discussed. 

Each of the objectives and goals set for this thesis will be answered in order to 

determine the outcome of the project. 

 
Objective 1: To define the main physical factors determining stroke velocity in 

young tennis players. 

 

· MDS measurements do not seem to positively correlate to stroke velocity in 

young tennis players. This may possibly be due to the lack of similarity with the 

demands of specific tennis actions, which involve fast executions in small time 

windows and relatively low loads. 

 

· PRFD, RFD and IMP at different time intervals in multiple joint positions 

present in the kinetic chain positively correlate to those young players that serve 

faster. This indicates the importance of a player’s capacity to generate force in short 

periods of time not only in the upper arm complex but in a global manner involving 

multiple body segments. 

 

· Contractile muscle properties such as stiffness and its related variables (i.e., 

tone, elasticity, and time to relaxation) seem to influence stroke velocity to some 

extent. Nevertheless, results indicate an increased value in some muscle groups may 

be an important aspect towards enhanced velocity production, while it may also 

interpose ROM and movement competency and be detrimental for this aspect. 
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Objective 2: To investigate the acute and chronic effects of prolonged tennis 

training and competition-induced fatigue on main physical factors affecting 

stroke velocity. 

 

· Force-time curve variables (i.e., PRFD, RFD and IMP) are generally 

unaltered following an 80-minute simulated match in young players. This specific 

competitive layout failed to elicit a sufficient stress to affect the tested variables, 

possibly due to lower match loads present in competitive events of younger less 

experienced players. 

 

· Contractile properties seem unaffected by 80 minutes of simulated 

competition in young players, indicating a stimulus of this magnitude seems 

insufficient to elicit changes in these variables.  

 

· Prolonged exposure to tennis training and competition seems to induce low 

to moderate side-to-side asymmetries in muscle contractile properties in young 

competitors. Nevertheless, passive measures of mechanical muscle characteristics 

do not seem to reflect a great deal of adaptations to tennis match-play and training. 

 

Objective 3. To establish how physical factors affecting stroke velocity are 

influenced by age and playing level.  

 

· Upper body MIS and MBT measurements did not seem to correlate strongly 

to stroke velocity in players with an ITN of 3-4. This may indicate that strength and 

power measurements are not as determinant in players of a younger age and level. 



- 279 -

 
 
 

 
 
 

- 275 - 

Objective 2: To investigate the acute and chronic effects of prolonged tennis 

training and competition-induced fatigue on main physical factors affecting 

stroke velocity. 

 

· Force-time curve variables (i.e., PRFD, RFD and IMP) are generally 

unaltered following an 80-minute simulated match in young players. This specific 

competitive layout failed to elicit a sufficient stress to affect the tested variables, 

possibly due to lower match loads present in competitive events of younger less 

experienced players. 

 

· Contractile properties seem unaffected by 80 minutes of simulated 

competition in young players, indicating a stimulus of this magnitude seems 

insufficient to elicit changes in these variables.  

 

· Prolonged exposure to tennis training and competition seems to induce low 

to moderate side-to-side asymmetries in muscle contractile properties in young 

competitors. Nevertheless, passive measures of mechanical muscle characteristics 

do not seem to reflect a great deal of adaptations to tennis match-play and training. 

 

Objective 3. To establish how physical factors affecting stroke velocity are 

influenced by age and playing level.  

 

· Upper body MIS and MBT measurements did not seem to correlate strongly 

to stroke velocity in players with an ITN of 3-4. This may indicate that strength and 

power measurements are not as determinant in players of a younger age and level. 
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Therefore, this suggests these traits may rise in importance as they increase, while 

anthropometrics and technical proficiency would be of greater importance at these 

stages. 

 

Objective 4. To examine new programs and training methods towards 

enhancing velocity production in main tennis strokes.  

 

· The use of light weights does not seem to acutely affect stroke velocity of 

young competitors. Nevertheless, a tendency to increased speed and accuracy with 

100 g wristbands suggests this may be a valid training option towards velocity 

production enhancement. In any case, these approaches should be performed with 

caution as specific load prescriptions and injury risk remain unstudied. 

 

· Several methodologies seem valid to enhance velocity production. Benefits 

have been observed regardless the load used if the intended velocity of execution is 

maximal. However, methodologies with a strong tendency to enhanced SSC and 

specific motion resemblance seem to obtain further benefits, especially in young 

competitors that would benefit from the coordinative demand of the exercise. 
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LIMITATIONS AND FUTURE PERSPECTIVES 
 
Various limitations from this work can be pointed out. The different publications and 

studies included in the thesis discuss most of them and must be considered when 

interpreting the outcomes. Notwithstanding, they will be reminded in the following 

section as they also stand as future research suggestions and options. 

 

· Studies 2, 5 and 6 included players of different sex in the measurements. 

Although playing level and training background were similar and no significant 

differences between groups were observed, results could be affected to some extent. 

Biological growth and maturation can highly differ at adolescent ages between male 

and female participants making interesting similar studies that separate by group. In 

the same way as this work intended to establish determinant stroke velocity variables 

in young competitors, to determine sex and age group differences would be of great 

interest. 

 

· Passive values of the muscle state seem to influence to some extent stroke 

velocity. Nevertheless, active measurements of these variables seem more 

appropriate to assess highly dynamic actions such as tennis strokes. Because of this, 

the inclusion of dynamic testing of contractile properties seems of great interest. 

Also, studies aiming at establishing specific stiffness values to enhanced 

performance or injury risk may be an interesting starting point towards determining if 

higher or lower levels are predictors of these two factors. 

 

· Studies 3 and 5 registered changes in relevant physical factors affecting 

stroke velocity following simulated matches. Although durations responded to those 
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typical involved in youth tennis competition, the fact that these were performed in a 

simulated condition could decrease the participants effort and affect results. As a 

future perspective, including pre- and post-measurements in competitive events 

alongside separating by sex, age and playing levels would be of great interest. 

 

· Last, evaluating the effects of light weight interventions on stroke velocity in 

the long term would be interesting towards new training methodologies. Added, 

evaluation of the risk-to-benefit outcome of this type of tasks would give insights on 

the usefulness of this method of training. 
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