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Abstract 

The aim of the present study was to quantify and compare kinematic variables and 

their contributions to the racket head speed in tennis forehand winner, in the cross 

court and inside out direction. Mini inertial sensors (Xsens MVN) of motion capture, 

recorded kinematic data of six elite tennis players (ATP professionals). Linear velocity 

of the racket and ball were captured with a high speed video camera. Results indicate 

that the direction of the shot is influenced by the internal/external rotation of the upper 

arm and the abduction/adduction of the hand after the impact. Significant differences 

between the two directions were found in the end of the racket horizontal movement, 

where the players showed higher wrist abduction when playing in the inside out 

direction (cross court: 13.9 ± 17.2°; inside out: 16.9 ± 18.6°). Players presented a 

higher internal rotation of the shoulder in the inside out direction (cross court: -54.0 ± 

11.8°vs. inside out: -48.0 ± 11.0°) and demonstrated an increased racket linear velocity 

in the cross court direction (cross court: 32.0±3.5m/s vs. Inside out: 30.3±3.8m/s). 

Horizontal flexion/abduction of the upper arm and flexion/extension of the forearm were 

the major contributors for the racket’s head speed.  

Keywords: Tennis Forehand, kinematic, racket speed, inertial sensors analysis, upper 

limb contributions. 
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Resumo 

O objetivo do presente estudo foi comparar variáveis cinemáticas entre uma direita 

cruzada e descruzada no ténis e quantificar a contribuição do membro superior para a 

velocidade da cabeça da raquete Foram utilizados mini sensores inerciais (Xsens 

MVN) para capturar o movimento de seis atletas profissionais (ranking ATP). Para 

capturar a velocidade da raquete e da bola foi utilizada uma câmara de alta 

velocidade, onde a velocidade foi calculada através de um algoritmo DLT com o 

software APAS®. A contribuição do membro superior para a velocidade da cabeça da 

raquete foi identificada através de um algoritmo matemático. Foram selecionados 12 

batimentos por sujeito que foram analisados desde o final da fase de preparação até 

ao final do movimento horizontal da raquete. Os resultados do indicam que a direção 

da bola poderá ser influenciada pela rotação interna do braço e a abdução da mão 

após o batimento. Os jogadores apresentaram maior abdução na direita descruzada 

(cruzada: 13.9 ± 17.2°; descruzada: 16.9 ± 18.6°) e maior rotação interna do ombro na 

direita descruzada (cruzada: -54.0 ± 11.8° vs. descruzada: -48.0 ± 11.0°). Ficou 

demonstrado que a maior contribuição para a velocidade da raquete provém da 

flexão/abdução do braço e também da flexão/extensão do antebraço.  

Palavras-chave: Batimento de direita, análise cinemática, sensores inerciais, 

velocidade da raquete, contribuição do membro superior. 
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1 Introduction 

1.1 Statement of the problem 

Tennis has witnessed a major evolution in the last decades, affecting in different levels 

the way the players perform their strokes. The racket materials became lighter, larger 

and more rigid allowing players to hit the ball with more power, increasing the speed of 

the game (Bahamonde, 2001). In this way the traditionally strokes which were 

performed mostly with eastern grips and a closed stances, became to semi-western or 

western grips and open stances, allowing to put more spin into the ball (Bahamonde, 

2001; Roetert, Kovacs, Knudson, & Groppel, 2009). With the huge speed of the game, 

points can be decided just in a few shots, thus the forehand (FH) drive has a great 

importance in the male professional tennis and it is considered the most important 

stroke after the serve (Reid, Elliot, & Crespo, 2013; Rogowski, Dorel, Rouffet, & 

Hautier, 2007). Tennis players always try to perform the forehand strokes with great 

power, trying to win the point directly or taking the control of the point (Landlinger, 

Lindinger, Stöggl, Wagner, & Müller, 2010a). In fact some professional players leave 

the ground during the contact point (Ivancevic, Jovanovic, Dukic, Markovic, & Dukic, 

2008).  

Tennis coaches and players are continuously motivated to improve the technique of the 

strokes with the purpose to increase the racquet speed (Landlinger, Lindinger, Stöggl, 

Wagner, & Müller, 2010b). The correct technique of the stroke is an essential key for 

the success in tennis and biomechanics research plays an important role in this 

development (Elliot, 2006). Thus, a proper technical development and biomechanical 

knowledge is crucial to minimize the risk of injury for the athlete (Kibler & Van der 

Meer, 2001; Elliot, 2006). 

Several studies have been performed to better understand the most important 

variables in the forehand drive relative to upper and lower limbs, trunk  and also to 

racket and ball velocity. With regard to upper limbs, Elliott, Marsh, & Overheu, (1989) 

described two different biomechanical characteristics to hit the forehand drive, one with 

the upper limb moving as a single unit and other with the upper limb moving relative to 

each other during the back and forward swing. Knudson (1990), showed that intra 

subject variability of angular kinematics of the wrist and the elbow joints should be 

taken in attention. The influence of grip position on upper limb was also verified and 

kinematic differences were found between players with western and eastern grip 

(Elliott, Takahashi, & Noffal, 1997). 
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Regarding the trunk segment, it is mentioned that shoulders’ rotation is greater than 

hips’ rotation (separation angle) and the upper limbs are stretched relative to the trunk 

in the backswing phase, creating a muscle pre-tension (Elliot, 2006). Also, Landlinger 

J. , Lindinger, Stöggl, Wagner, & Müller (2010b) suggests that a correct pelvis and 

trunk rotation is an important key factor in order to improve the forehand technique. On 

the other hand, Kibele, Classen, & Triebfuerst (2009), reports that trunk rotation is 

higher and more important for double-hand backhand than the forehand stroke. 

In respect to the lower limbs, the initial knee position and range of motion on the closed 

stance was analyzed and positively related with racket velocity, being a feature of the 

most skilled players (Nesbit, Serrano, & Elzinga, 2008). Rogowski, Dorel, Rouffet, & 

Hautier (2007), mentioned a proximal-to-distal sequence on the timing occurrence of 

peak velocities whatever the players ages. Ivancevic, Jovanovic, Dukic, Markovic, & 

Dukic (2008) also describe the tennis strokes like a chain of linkages connected and 

affecting each other in sequence, where the foot is linked to the leg by the ankle joint 

which on the other hand is connected to the thigh by the knee joint and so on. This 

efficient sequential and coordinated rotation of the kinetic chain through the trunk and 

upper extremity will maximize the use of the stretch shortening cycle of muscles 

(Roetert, Kovacs, Knudson, & Groppel, 2009).  

With regard to the racket and ball velocity, a higher horizontal racket velocity was 

related with an increased angular velocity of the pelvis and trunk segments at the 

impact instant (Landlinger, Lindinger, Stöggl, Wagner, & Müller, 2010a). On the other 

hand, kinematic variables change with the increasing velocity but some change more 

than others (increasing joint angles), indicating that some are more related with the 

post impact ball velocity (Seeley, Funk, Denning, Hager, & Hopkins, 2011). The vertical 

plane of the racket was analyzed during the impact as well as the kinematic differences 

between successful and unsuccessful strokes and it was concluded that meaningful 

biomechanical differences in impact angles and velocities can be detected between 

successful and unsuccessful shots (Knudson & Blackwell, 2005). The ball speed and 

hitting accuracy was studied in the forehand and backhand stroke between elite and 

high performance players, it was shown a higher forehand velocity compared with the 

backhand when balls were played cross court and there was no evidence that players 

who impacted the ball faster were less accurate than who impacted more slowly 

(Landlinger, Stöggl, Lindinger, Wagner, & Müller, 2012). In contrast Mavvidis, Koronas, 

Riganas, & Metaxas (2005) did not show any statistically differences between the 

forehand and backhand, wheras the diference was notice between males and females. 
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The contributions that different segments rotations have to the final racket velocity have 

been studied for tennis serve and forehand drive (Sprigings, Marshall, Elliott, & 

Jennings, 1994; Elliott, Marshall, & Noffal, 1995; Elliott, Takahashi, & Noffal, 1997), 

authors concluded that the main responsible for the racket velocity in the forehand 

drive are the horizontal flexion/abduction and internal rotation of the upper arm. 

Although many studies have been developed, none of them describe the forehand 

drive in an impact location in the middle/centre of the tennis court, where players 

typically make a winner or take the control of the point. Thereby we pretend to add 

knowledge to the current state of art with the purpose of understand which the most 

important variables in the forehand drive in this specific situation and help tennis 

players to improve their forehand stroke. 
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1.2 Relevance of the study 

Several situations have been studied in order to better understand the most 

determinant kinematic variables in the forehand stroke. Reid, Elliot, & Crespo (2013) 

referred that biomechanical investigation has mostly described cross-court and/or down 

the line strokes typically with the same impact locations (near to the base line) creating 

opportunities to future investigation. In this way, the present study aims to analyse the 

forehand stroke in a different impact location (inside/centre of the court) where 

professional players usually attack the ball and win the point directly. With respect to 

the direction of the stroke, the study analyzed the cross-court (CC) and the inside-out 

(IO) forehand. The authors mentioned above referred that different methodologies and 

evaluation equipment would be significant in order to add knowledge to the current 

state of the art tennis forehand. Thereby, the present study uses an innovative system 

in motion capture in tennis with a unique state-of-art miniature inertial sensors system 

(Xsens MVN Motion Capture, Enschede, NL). Comparing with other motion capture 

equipments, this system has the advantage that it can be used outdoors as well as 

indoors, there are no restrictions of lighting and there are no problems with the 

occlusion or missing markers (Roetenberg, Luinge, & Slycke, 2009). Mostly of the 

studies in this field usually use several high-speed cameras and reflective markers-set 

which are typically associated to a large time of preparation of the subject and the 

collecting area. Therefore, this system seems to be an advantage for the investigators, 

providing the possibility to make several data collections in less time. Another 

innovation of this study is the opposition subject, which creates a more ecological 

situation like in a real match. Most of these studies have just some targets to hit the 

ball. In this way, this is the first study with this innovator system in tennis biomechanical 

analyses. 

As mentioned before, there are some studies quantifying the contributions of the upper 

limbs, using specifically developed algorithms (Sprigings, Marshall, Elliott, & Jennings, 

1994) but just one study about tennis forehand drive. Thus, our study also intends to 

add knowledge to the work of these investigators (Elliott, Takahashi, & Noffal, 1997) 

with elite tennis players positioned in a different place of impact where tennis players 

typically attack the ball. Moreover, it is referred that studies will use more complex 

biomechanical models of the upper limb to describe fine movements, such as internal 

rotation of the arm, radial, ulnar, and palmar flexion (Rogowsky, Rouffet, Lambalot, 

Brosseau, & Hautier, 2011), which is one of the aim of the present study. 
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1.3 Purpose of the study 

The main purpose of the present study was to quantify and compare selected 

kinematic variables, racket and ball velocity and to quantify the contributions of the 

upper limb rotations during a FH drive winner in the CC and IO direction. Some of the 

kinematic parameters were selected based on the previous studies in this field which 

have demonstrated to have major importance to the ultimate goal that is the racket 

velocity (Bahamonde & Knudson, 2003; Seeley, Funk, Denning, Hager, & Hopkins, 

2011; Elliott, Marsh, & Overheu, 1989). Therefore, in more detail the aims of the study 

were: 

1) To compare the kinematic differences between a cross court and an inside out FH 

in the dominant upper and lower limbs (shoulder, elbow, wrist, hip, knee and ankle 

joints) and trunk segment (angular displacement between shoulders and pelvis) in 

the three selected events of the FH cycle; 

2) To compare the maximum angular velocities between the cross court and inside 

out FH.  

3) To compare the racket horizontal velocity at the impact and horizontal ball velocity 

after impact between two directions. 

4) To quantify and compare the contributions of the upper-limb (upper-arm, forearm 

and hand) segment rotations to the racket head velocity in the FH drive between 

two directions of the shot. 

 

The forehand stroke was divided in three known phases that are usually used by 

coaches and authors to describe the forehand stroke (Figure 1): 

1) End of backswing: was determined as the point preceding any forward 

movement of the racket shaft, (Landlinger, Lindinger, Stöggl, Wagner, & Müller, 

2010b); 

2) Impact: was defined as the instant where the ball/racket contact occurred 

(Landlinger, Lindinger, Stöggl, Wagner, & Müller, 2010b); 

3) Follow through: was defined at the end of the forward (horizontal) racket 

movement. (Landlinger, Stöggl, Lindinger, Wagner, & Müller, 2012). 
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Figure 1 – a) End of backswing; b) Impact; c) Follow through (end of racket horizontal 

movement). 

 

1.4 Assumptions and Limitations 

The most important assumptions of this study were: 

 All the subjects were 18 years old or older; 

 All the subjects were ATP ranking or National ranking players; 

 All the subjects had participated in professional tournaments in the last six 

months; 

 All the subjects have at least 16 hours of practice per week. 

 

The limitations of the present study were: 

 Difficulties found in synchronizing the video capture performed with Qualisys 

Track Manager software (version 2.10., Gothenburg, Sweden) with the MVN 

studio software 3.4.1. Therefore, the correspondent synchronization was 

achieved by finding the first point of the impact in the two systems. Impact 

instants were easy to find in the video due to the image quality. In the Xsens 

system this instant was found through the peak value of acceleration of the 

sensor placed in the players’ hand. 
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2 Review of Literature 

2.1 Physiological profile of tennis performance 

Technical and tactical factors are the most important for tennis performance (Smekal, 

et al., 2001). Tennis is considered a sport of intermittent efforts, with high intensity 

periods intercalated with very low intensity periods, including an active recovery 

(between points) and passive recovery (rest periods between games) (Fernandez-

Fernandez, Rivas, Muñoz, Tellez, Gonzalez, & Villanueva, 2011). The ability to perform 

technically well on the high intensity phases of the game is a characteristic directly 

linked to success on performance in modern tennis (Mendez-Villanueva, Fernandez-

Fernandez, & Bishop, 2007). Tennis is unpredictable in many different areas: rally 

duration, shot selection, strategy, match duration or opponent characteristics and all 

these factors influence the physiological aspects of the game (Kovacs, 2006). The 

same author refers that tennis is characterized by small explosions of energy that 

happen dozens or even hundreds of times and because the game has no time limit, the 

match duration can vary from one hour to five hours. This variability requires a tennis 

player fully capable on both aerobic and anaerobic levels. Most of the competition 

matches are played at the best of three sets, which means that a player needs to win at 

least two. A medium duration of one and a half hours is considered normal.  

Concerning the cardiorespiratory function in Tennis, we can observe an increase in the 

maximal oxygen consumption (VO2 max) and heart rate (HR) as the game goes on, 

with a small deacrease on the rest/change sides parts (Bernardi, De Vito, Falvo, et al. 

1998 cited by Kovacs, 2006). The VO2 max in elite players varies between 44 and 69 

ml/kg/min, but it is recommended that a player should have a level above 50 ml/kg/min 

(Kovacs, 2006). Smekal, et al. (2001), refers that the players considered more 

aggressive present a lower level of VO2 max when compared to other players 

considered more defensive, and this fact should be kept in mind when coaches are 

planning the training. The HR is considered a useful and easy method to monitor 

training’s intensity. As previous research shows in the study developed with young 

athletes (Bergeron, Maresh, Kraemer , Abraham, Conroy, & Gabaree, 1991), the 

average HR is 144.6 ±13.2 bpm. 

Kovacs (2006) mentions that regarding the speed and agility necessary in tennis, there 

is a great variability because every shot that the opponent hits can have different 

speeds and effects. This variability requires an extremely fast and explosive reaction, 

especially on the first steps of the movement. Concerning this matter, tennis players 
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need to have an outstanding ability to move well in different directions. It is very 

important to practice the specific movements of each player as well as the sprints, 

which should not be too long (20 meters are considered a good distance to practice the 

sprint). 

Strength training is a nuclear method to increase the performance of the player. It helps 

on the speed of the shot and injury prevention protecting the joints, ligaments and 

tendons (Kovacs, 2006). The shoulder is one of the most requested joints, especially 

the rotators cuff muscles (supraspinatus, infraespinatus, teres minor and 

subscapulars), mainly during the follow-trough phase (Chandler, 1998). It is 

recommended to include concentric and eccentric training in shoulder’s tennis players 

routine (Kovacs, 2006). It is also important to work the lower limbs, to increase the level 

of the performance and to prevent injuries. The upper body shows much more 

asymmetries when compared to the lower limbs.  

Flexibility should be subject specific and can be very helpful to the athlete. However, it 

should be correctly prescribed and included in the training routine of the athlete in order 

to increase the performance (Kovacs, 2006).  

 

2.2 Biomechanics and Tennis 

Performance and success in tennis is mainly influenced by the player’s technique, 

which makes biomechanics to have a major role in the development of the 

groundstrokes. A good biomechanical analysis can be very helpful regarding injury 

prevention (Elliott, 2001; Elliot, 2006). This idea is associated to the quality of the 

coach because his analysis will be crucial to help the player to improve their 

groundstrokes (Elliot & Reid 2004). Thus we can say that the knowledge of scientific 

and biomechanics theory are a very good tool for tennis coaches. One of the most 

known concepts used by tennis coaches in biomechanics approach is the “BIOMEC” 

acronym. This concept is based in six principles, balance, inertia, opposite force 

momentum, elastic energy and coordination (Elliot, Machar, & Crespo, 2003).  

Balance is a person's ability to control their body position relative to some base of 

support. This ability is needed in both static equilibrium conditions (e.g., handstand on 

a balance beam) and during dynamic movement (e.g., shifting the centre of gravity 

from the rear foot to the forward foot). Balance can be enhanced by improving body 

segment positioning or posture (Knudson, 2007). Static and dynamic balance is 

determinant in tennis movement and stroke production. Static balance could be 
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considered in the split step, if the player makes a wide split step he will be in greater 

balance but it will be difficult to react. On the other hand, if the player makes a narrow 

split step he will be able to move sideways easily but the ability to do it with a stronger 

push off may be limited. Dynamic balance represents the ability of players to maintain 

their centre of gravity over their base during movement (Elliot, Machar, & Crespo, 

2003). 

Linear inertia refers to the body resistance to motion in straight line, while angular 

inertia is generally associated to the resistance in changing the direction of the racket. 

It is referred that angular inertia has more application for a tennis player (Elliot, Machar, 

& Crespo, 2003). 

Opposite force is related with ground reaction force which is present in every stroke in 

tennis. For example, in the FH drive a player bends his knees lowering his body and 

pushing against the ground which returns the ground reaction to the body, assisting the 

player upwards (Elliot, Machar, & Crespo, 2003).  

Momentum, which could be linear, angular or combined, is one of the main goals of 

tennis players to achieve power and speed on the groundstrokes. Linear momentum is 

the quantity of movement that a body has (Bahamonde, 2001) and is developed from 

the ground reaction force and tends to produce a sequence of rotations from the legs to 

the hips, upper body and upper limbs. On the forehand, this linear momentum is 

developed through the forces generated from the ground, transferring the weight from 

the back leg to the front leg (closed stance) (Groppel, 1984). A perfect trunk rotation is 

the consequence of the angular momentum. It has been showed that the trunk rotation 

is related to the speed of the racket, (independently of the stance used or the level of 

the player) contributing to the speed of the ball in 10% and it is also important on the 

stretching of the shoulder muscles allowing them to produce more muscular tension 

(Bahamonde R. , 2001). 

A stretch-shortening cycle is characterized by the elastic energy stored in an active 

stretch (eccentric contraction), which, in the present work, happens during the 

preparation phase. This energy is used on the immediate shortening phase (concentric 

contraction), which happens in the hitting phase of the swing in a tennis shot. This 

happens due to potential energy stored in the muscle, helping the swing to start with a 

muscular tension, which does not happen when the contraction is only concentric from 

a resting position (Elliot, 2006; Elliott, 2001). In the middle of this cycle, there is a small 

isometric contraction related to the period of time between the end of the stretching and 
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the starting of the shortening phase of the muscle contraction (Correia, 2012). There is 

a perfect timing between the two phases of the cycle that takes advantage of the 

biggest potential of the elastic energy stored. After the first second between the 

eccentric and concentric contractions, 50% of that energy is lost and after four seconds 

the benefit is completely lost  (Elliot, Baxter, & Besier, 1999). The use of the stretch-

shortening cycle is considered a key point on many sports such as tennis (Walshe, 

Wilson, & Ettema, 1998). On the forehand for instance, the shoulder rotation over the 

hips, and the position of the upper limbs when related to the upper body on the 

preparation phase, creates the perfect condition for this action (Elliot,2006) . 

Two types of coordination are referred in tennis. The first one is used during the serve, 

on the forehand and on the backhand where it is necessary to coordinate several body 

segments in order to generate speed on the racket (Elliot, 2006; Ivancevic, Jovanovic, 

Dukic, Markovic, & Dukic, 2008). The second type of coordination is where the main 

goal is linked to precision, where less body segments are used as one unit like in 

volley. (Elliot B. , 2006). From this idea, a good coordination on the kinetic chain from 

the lower limbs, passing through the body and going to the upper limbs takes 

advantage of the stretch-shortening cycle (Roetert, Kovacs, Knudson, & Groppel, 

2009). 

 

2.3 Grip and Stance 

There are three types of grips on the FH drive. The more traditional grip is the one that 

is not used by the majority of the professional players and its designated by eastern. 

Nowadays professional players use more the western and semi-western grips because 

it is easier to put effect on the ball (top spin)  Bahamonde, 2001). An inconvenient for 

players that use this kind of grips is when they need to hit lower balls. The grips directly 

influence the kinematics of the movement, the ball behaviour and different pressures 

on the grip are dependent on different situations. It is also refered that coaches 

encourage their athletes to reduce the pressure made on the grip during the 

preparation phase (Reid, Elliot, & Crespo, 2013). Knudson & White (1989), reported 

that the pressure made on the grip was increased by 50% before the impact. It is also 

refered that a tighter grip is directly related to a shorter flight of the ball (Reid, Elliott, & 

Crespo, 2013). In a study developed by Elliot et al. (1989) there were no significant 

differences on the type of grip or players movement on the court, that used more 

segments on the shot, compared to the ones who hit the forehand with less body 
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segments. Elliott, Takahashi, & Noffal (1997) studied the influence of the used grip on 

the contribution of upper limbs on the speed of the head of the racket on the forehand. 

They verified that the flexion, the horizontal abduction and internal rotation of the arm 

simultaneously with the linear speed of the shoulders were the actions that mostly 

contributed to the speed of the head of the racket independently of the used grip. They 

found significant differences on the contribution of the hand to the speed of the racket 

with different grips. It was also observed that players with more closed grips get more 

speed on the ball in vertical direction than those with an eastern grip. The eastern 

group used the flexion/abduction to produce more horizontal speed, whereas the 

western group produced more speed of the racket from the ulnar flexion of the hand. It 

were also verified in the same study that players who use an eastern grip, in general 

have a swing with the elbow more distant from the trunk when compared to the ones 

that use the western (120°) or semi western (100°) grips. Different grips have different 

influences on the position of the wrist in the impact point and most of the players have 

the racket perpendicular to the ground. 

Regarding stance, we can consider three basic positions for the forehand shot: 1) open 

stance, where both feet and the pelvis are facing the net, 2) closed stance, where the 

feet and the pelvis are rotated 180 degrees relatively to the net, and 3) the semi-open 

stance where the player can assume a position between these first two (Reid, Elliott, & 

Crespo, 2013). Nowadays the game became much faster and players need to be able 

to react more rapidly, adopting frontal positions (open stance) and not the traditional 

positions (Bahamonde, 2001). 

Bahamonde & Knudson (2003) compared the kinetics of the upper extremity and data 

did not support the hypothesis that the open stance forehand creates significantly 

higher upper extremity loading than the square stance. On the contrary, in the square 

stance players produce largers moment of force (Mf) wich resulted in increased joint 

loading. The Mf of internal rotation of the shoulder and the Mf of the wrist flexion were 

higher on the square stance. The Mf component was generated by the horizontal 

abductor of the shoulder followed by the elbow and the internal rotation of the elbow.  

Nesbit, Serrano, & Elzinga (2008) research with university female students reported 

that the knee position has a positive influence on the speed of the racket, being a 

characteristic of more expert players, showing high consistence in the knee angles. 

Following the same idea, Seeley, Funk, Denning, Hager, & Hopkins (2011) refer a 
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relationship between angular velocity of the knee extension of the dominant side, the 

plantar flexion of the foot and the speed of the ball on the forehand shot.  

 

2.4 Swing Phases  

As described in the literature and by several authors (Reid, Elliot, & Crespo, 2013; 

Elliott, Marsh, & Overheu, 1989), we can divide the forehand swing on three different 

parts: preparation phase, forward swing/impact and follow through. Here we describe 

these different phases based on the different works developed in this area that better 

explain the movement mechanics. 

2.4.1 Preparation Phase 

Shoulders and trunk rotation, as well as the racket backswing, set the start of the 

groundstroke (Elliot, Machar, & Crespo, 2003). Preparation phase is needed for many 

reasons, such as the store of elastic energy, the increase of the distance of the racket 

before the impact, which can increase the speed in this part of the swing (Elliot, 1990; 

Elliott, 2001). As a main factor of the good use of the elastic energy, the time between 

the preparation phase and the forward swing should be the shortest as possible (Elliot, 

2006). A preparation phase with a bigger range can increase the speed of the racket 

but can also have a negative effect in the control and timing of the movement 

(Bahamonde R. , 2001). The same author refers that the most important factor to a 

powerful groundstroke is the fluid motion between the preparation phase and the 

forward swing.  

As Ivancevic, Jovanovic, Dukic, Markovic, & Dukic (2008) refer, the preparation phase 

includes two different actions that occur at the same time. One is stepping in the right 

position, normally with the left foot in front (right-handed player) and the other action is 

the beginning of the backswing with the racket passing over the shoulders in a curved 

c-shaped movement. In an early stage of learning it is commonly taught that the racket 

should be pointing to the fence, although advanced players frequently rotate the racket 

45° beyond this point (parallel with the fence) (Elliott, 2001). Hip and shoulders 

alignment in the end of this phase are caracterized with a rotation of 90° and 110° 

(from the base line) respectively, and separation angle between shoulders and pelvis of 

20° to 30° (Takahashi, Elliot, & Noffal, 1996). Regarding muscular participation of the 

upper limb, this phase is accomplished by the deltoid and biceps muscles of the 

dominant arm (Ivancevic, Jovanovic, Dukic, Markovic, & Dukic, 2008). 
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2.4.2 Forward Swing/impact 

During the forward swing, we should have attention to four main movements: 1) pelvis 

rotation in the ball direction with both feet on the ground, the muscles in action at this 

phase are gluteus maximus and medius; 2) jump in the air that allows to hit the ball on 

a higher point, which is helped by all the leg extensors muscles; 3) racket swing, 

ending the “C” shape, mainly due to the pectoral, deltoid and bicep brachii; 4) a small 

twist of the wrist to brush the ball and generate the top-spin effect, developed by the 

palmar flexors (Ivancevic, Jovanovic, Dukic, Markovic, & Dukic, 2008). 

Two different philosophies to generate racket speed are referred, one rotational which 

is linked with the trunk rotation and with the internal rotation of the shoulder, associated 

to players with western or semi-western grips, and other one, more linear and where 

the “c” of the swing is not that pronounced. Both philosophies are associated to the 

proximal to distal sequence, and rotations of key segments are presented in both, only 

with differences in timing and style (Elliott, Reid, & Crespo, 2009).  

The extension of the rear leg also contributes to the trunk rotation on the horizontal 

plane (Lino & Kojima, 2001) and according with Seeley, Funk, Denning, Hager, & 

Hopkins (2011) the trunk rotation is very important to the speed of the racket. Top 

players use a multisegment FH technique allowing the segments of the upper extremity 

to develop racket velocity, in contrast with the traditional FH with the segments of the 

upper extremity moving as a single unit (Bahamonde, 2001). In this phase, the body 

acquires speed in the different segments to the swing and this process starts with the 

lower limbs pushing against the ground and generating a ground reaction force (GRF) 

(Elliot, 1990). 

Landlinger, Lindinger, Stöggl, Wagner, & Müller, (2010b), developed a study with the 

intention to compare kinematic variables and their timing during the FH shot between 

elite players and high level players. Researchers found differences on the timing of the 

maximum angular speed of the pelvis (Elite:-0,075s±0,008 vs. HP: -0,093s±0,012)   

and the trunk (Elite: -0,057s±0,004 vs. HP:-0,075s±0,011) before the impact. Elite 

athletes showed a later rotation in these segments. These later rotations were 

considered to be the main reason for this group to show a higher horizontal speed of 

the shoulder and the racket. Meanwhile, there were no differences on the magnitude of 

the rotation of the racket and on the hips. On the down-the-line shot, where normally 

players use a more closed stance, there was a higher displacement of the racket and 

the hips in both groups. There is also a complete proximal-to-distal sequence on the 
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linear speed of the joints. Hip, shoulder, elbow, wrist and racket reach the highest 

speed in sequence, according to the summation of speed principle (Marshall & Elliot, 

2000). Further relative to trunk rotations, Elliott, Reid, & Crespo (2009) refer that in 

young tennis players under 10 years old, rotations of the trunk are almost 

imperceptible. Moreover, the direction of the shot is influenced by the trunk rotation in a 

research that compared cross-court and down-the-line forehands between elite players 

and high level players, where it was observed increased rotations on the cross-court 

FH (Landlinger J. , Lindinger, Stöggl, Wagner, & Müller, 2010a). Lino & Kojima, (2006) 

found that the pelvis initiates the motion with a linear movement to the front before the 

beginning of rotation. It is suggested, that the linear movement is necessary to obtain a 

rotation of the upper body and to help the hip joint to create a moment of force instead 

of contributing to the rotation of the pelvis.  

In a study about the trunk rotation in the backhand (Wang, Lin, Lo, Hsieh, & Su, 2010) 

it were compared two-handed backhands hit on square and open stance between two 

groups of different levels. The authors verified that the more experient group reduced 

the linear movement of the trunk in order to creat more stability and to apply the 

shoulder rotation of the upper body to the segments to generate power. The more 

experient group presented a faster backswing to increase the accelaration and to 

absorb the energy of the impact on the final part of the swing. The square stance shot 

allows a better transmission of the linear moment than the shots in open stance. 

However, the open stance generates more angular momentum on the shoulder. The 

trunk rotation is not the unique contributing power on the two-hands backhand. The 

shoulder and the wrist contribute with the same quantity of angular momentum in this 

work. Concerning the trunk, there is an increased shoulder rotation during the forward 

swing, (Landlinger, Lindinger, Stöggl, Wagner, & Müller, 2010a) being influenced by 

the direction of the shot (Landlinger J. , Lindinger, Stöggl, Wagner, & Müller, 2010b).  

Seeley, Funk, Denning, Hager, & Hopkins (2001) developed their research on the 

kinematic changes of both lower and upper limbs joint angles and angular velocities, 

while the forehand was hit with higher speed. They tried to understand if these 

parameters would help to increse the ball speed. It was verified that the increase of the 

joint angles before the impact were associated to higher speed of the ball after the 

impact. Results also showed that the angles on the wrist extension, axial rotation of the 

trunk and flexion/extension of the hip, are linked to the speed of the ball. The peaks of 

the angular velocity increased even more than the joint angles with the speed of the 

ball showing that muscular strenght is more important than the swing amplitude to 
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generate more speed on the ball. On the other hand, the velocity of the internal rotation 

of the arm was not increased in a very high manner, being the one more consistent 

through out the speeds.  

Elliott, Marsh, & Overheu (1989) on their paper Biomechanical Comparison of the 

Multisegment and Single Unit Topspin Forehand Drives in Tennis compared the 

biomechanical characteristics of two forehands with different styles. One who used the 

upper limbs as a single unit (GU) and a second one where the players moved various 

segments on the preparation and forward phases of the swing (multisegment FH). The 

group with the multisegment (GM) forehand presented lower angles on the shoulder 

and elbow. This group also produced a higher speed of the racket on the impact point 

and consequently, a higher speed of the ball because of the speed of the elbow and 

wrist (GM: 22,5m/s; GU: 19,3m/s). The wrist also showed higher angular speed on this 

group. Data also shows that the direction of the ball is affected by the position of the 

racket on the impact and not the technique used.  

Contributions of the shoulder and upper limb to the racket head velocity were referred 

by Elliott, Takahashi, & Noffal, (1997). The shoulder joint contributes about 10% and 

the main contributions are from the internal rotation of the arm (35%) and horizontal 

flexion/abduction of the upper arm (25%). As well, 25% of the racket speed is produced 

by the combination of the palmar and ulnar flexion, depending also on the type of grip 

used by the player, and the wrist is mantained in hyperextension until the impact. 

Moreover, extension and pronation of the elbow do not have a great influence on the 

ball speed. Seeley et al. (2011) showed that the elbow flexion increases the ball speed. 

It was observed in previous works that the EMG of the trunk and upper limbs’ muscles 

intensity increases at the same time as the ball speeds up on the impact point 

(Rogowski, et al., 2009). 

Knudson (1990) in his work about the intra-individual variability of the forehand on the 

angular kinematics of the wrist and elbow joints, verified that the angular positions were 

very similar on the different shots, where the mean angles were from 2,18 to 2,28 

radians indicating an hiperextension of the wrist. The variability was higher on the 

curves of velocity and angular acceleration of the elbow and in the wrist. The mean of 

the angular velocity of the wrist was 5,2±3,4 rad/s and 6,5±1,2 rad/s, one frame before 

the impact.  

Marshall & Elliot (2000) studied the tennis serve and the forehand in squash, where 

they included the long axis of rotation. They observed that the internal rotation of the 
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arm is the main responsible for the speed of the racket and that, against other theories, 

refers the pattern proximal-to-distal sequencing. It was also found that internal rotation 

of the arm on the serve occurs simultaneously or after the wrist flexion, in both the 

tennis serve and the forehand in squash, turning up later than the preview. 

The duration of the forward swing was analyzed and no differences were found 

between teen agers and children (Rogowski, Dorel, Rouffet, & Hautier, 2007). The 

peak velocities of the shoulder, elbow, wrist joints and racket were before impact (0.07 

± 0.02, 0.05 ± 0.01, 0.04 ± 0.02, 0.02 ± 0.00s respectively. Regardless of age, the 

timing of peak velocities occur in a proximal-to-distal sequence and younger players 

had more difficulty in transferring the velocity to the distal segment, which could be 

related with less strength in the upper limbs or an inappropriate inertia of the racket.  

The stability of the player’s head on the instant of the impact until the follow through is 

referred as an important element of elite players (Lanfont, 2008 cited by Reid, Elliott, & 

Crespo, 2013). 

2.4.3 Racket and ball Velocity 

Knudson & Blackwell (2005) on their paper entitled “The variability of impact kinematics 

and margin for error in the tennis forehand of advanced players” studied the kinematic 

variability of the racket and ball on the impact on the vertical plan with advanced 

players, and compared the differences between the well succeded shots and the ones 

which were not. Variables studied were the maximum speed of the racket before the 

impact, the ball speed, the racket trajectory, the racket inclination, and the ball 

trajectory. The variables showed a good consistency of the well succeded shots. The 

mean of the racket trajectory on the shots that had success was 27.5 ± 3.4 degrees 

above the horizontal plan. The author states that the low variability of the kinematics on 

the impact helps to detect the differences on the ones that were well succeded and the 

ones which were not. Only the trajectory of the racket before the impact did not have 

significant differences between sucess and failure. Data shows that the success or 

failure of the forehand shot can be dependent on various combinations of these 

variables. 

When comparing one flat FH with one top spin FH, studies reported diferents pathways 

made by the raket. For instance, in the flat FH the path was 20° above horizontal while 

in the top spin FH the path was aproximatly 40° and at last a top spin lob can reach to 

70° above horizontal (Takahashi, Elliot, & Noffal, 1996). 
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The speed of the head of the racket was lowering from the flat to the top spin shot, 

however increasing the speed in the vertical direction. It is also referred that the 

forearm does not have big importance on the development of the speed (Elliott, 

Takahashi, & Noffal, 1997)  

No diferences were found when comparing the ball speed of the forehand and a 

backhand (Mavvidis, Koronas, Riganas, & Metaxas, 2005). These authors concluded 

that players of medium level need to pratice more the backhand, not by the speed but 

because of its consistency. Other authors (Landlinger, Stöggl, Lindinger, Wagner, & 

Müller, 2012) developed the same work but also tried to compare the precision in elite 

players and high level players. They verified that the ball speed was higher and the 

precision of the shot was better on the elite players. All the players achieved a high 

speed on the cross-court shot. Concerning the precision, both groups have more 

precision on the forehand comparing with the backhand. It was not observed that 

players that hit the ball faster also hit the ball with less precision.  

The post impact ball velocities were recorded in FH drive with velocities between  

34.5m/s and 32.2m/s in players who used a multisegment FH and those that use a 

single unit FH drive, whereas the pre-impact racket velocity was 23.3m/s and 20.2 m/s 

respectively (Elliott, Marsh, & Overheu, 1989). Also, Landlinger, Lindinger, Stöggl, 

Wagner, & Müller (2010b) in their paper, presented a racket head horizontal velocity 

between 34.4m/s when players played cross court and 31.7m/s when played down the 

line. 

2.4.4 Follow Through 

After the impact, there is a gradual deaceleration of the segments that are part of the 

shot, simultaneously with a step of recovery of the right leg (right handed player) (Elliot, 

1990). After the contact point with the ball, the shoulder, trunk, and hip joints rotate to 

the non dominant side following the racket with the muscles stretching to the opposite 

side of the racket (Ivancevic, Jovanovic, Dukic, Markovic, & Dukic, 2008).  
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2.5 Development of the forehand 

During competition, the player needs to adapt to several conditions such as different 

speed, bounces, ball effects, and to perform precisely strokes to put the ball in a certain 

location (Reid, Elliott, & Crespo, 2013). In order to stabilize the shot, coaches do some 

drills with heights, effects and ball identical placement (Elliott, Reid, & Crespo, 2009). 

One different idea has been implemented by ITF (International Tennis Federation) with 

the program “Play and Stay” that where the goal is to guarantee that every beginner 

starts to play tennis by playing the game with adapted conditions to the age, without 

the traditional method.     

In one hand, the desire and role of the coach is to elevate the players perfomance and 

in another hand, to reduce the injury risk by changing technical patterns of the athlete. 

With this in mind, Elliot B. (2010), presents five levels for the coach to evaluate the 

athlete when talking about the groundstrokes execution: 1- Preparation (technical 

knowledge and identification of the variables); 2- Observation (correct position to 

observe on the side/from the front); 3- Evaluation (mesure the critical variables with 

priority to the weak points) 4 – Intervention (feedback); 5- Observation.  

Elliot e Reid (2004) refer some critical points to which coaches should pay attention 

when observing the players performing the forehand, in order to achieve a better 

observation position (table1). 
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Table 1 – Key mechanical characteristics of the forehand and from where they should be 
evaluated on court – adapted from (Elliott & Reid, 2004). 

 

 

 

 

 

 

 

 

 

 

 

Mechanical 
characteristic 

Coaching tips – what to observe Where from 

Balance 

 Stance comfortable, specific to tactical intention  
 Head aligned with mid-point of the shoulders 
 Non-racquet arm should assist backward trunk rotation 

and act to balance the movement of the racquet arm 

 To the side, in front 
or behind player 

Separation 
Angle 

 Shoulders twist 20° past hips at the end of the backswing  To the side of the 
player 

Length of 
forward swing 

 At the end of the backswing, the racquet may be rotated 
as far as 45° past the baseline  Behind player 

Swing reversal 

 The pause between backswing and forward swing should 
be minimal 

 To the side, in 
front of the player 

Right leg drive 
 At the start of the forward swing, the right leg should drive 

forward (and upward) vigorously 
 To the side of the 

player 

Racquet trail or 
lag 

 As segments rotate sequentially, the racquet trails the 
trunk, placing anterior shoulder musculature on stretch 

 To the side of the 
player 

Internal rotation 
of the upper arm 

Racquet 

 Inside of the elbow turns from the player’s right (near 
impact) around to the player’s left (after impact) 

 When the racquet follows-through across the body, the 
elbow will finish between shoulder and waist height and 
point at the opponent 

 Between baseline 
and the net post 

Racquet finish 

 Does the player stop his swing abruptly (sideways and/or 
forward) or provide sufficient swing length and direction to 
slow the racquet and arm optimally? 

 To the side or in 
front of the player 
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3 Methods and Materials 

3.1 Subjects 

Six male elite tennis players (M±SD; age 21± 4 years, height 178.17 ± 2.9 cm, mass 73 

± 1.8 Kg) agreed to participate in this study. Three of the players had ATP ranking 

(630, 1156 and 1520) and the other three had national ranking (4, 44 and 69) at the 

time of the data collection. Five of the players used a semi-western grip and one a 

western grip. Two other tennis players with national ranking collaborated in the study 

one male and one female (M±SD; age 19.5 ± 0.7 years, height 168.5 ± 9.2 cm, mass 

65 ± 8 Kg) with the purpose of create an oppositional situation as in the real match. All 

the participants were free injury, were previously informed about the procedures of the 

study and provided a written consent that was approved by the ethic committee of the 

Faculty of Human Kinetics from the University of Lisbon.   

 

3.2 Testing Procedure 

Before data collection, all the experimental procedure was explained to the 

participants. They were allowed to hit as many practice shots as they needed to ensure 

they were familiarized with the situation. The participants used their own rackets to 

ensure they felt comfortable performing the shots (Landlinger, Lindinger, Stöggl, 

Wagner, & Müller, 2010a). New tennis balls (Dunlop All Court) were projected through 

a portable tennis ball machine (Lobster - Phenom Electric Tennis Ball Machine D641, 

437), with a controlled horizontal velocity (24.5 m/s), elevation (25th level), spin (1st 

level) and 8 seconds between each ball projection, for a precise and consistent 

placement of the ball. These balls landed in the impact area (Figure 2) with 1m long 

and1.2 m wide, placed in the centre of the court. They were instructed to hit 6 series of 

13 forehands with two minutes of rest between each series. The participants were 

encouraged to hit the ball with the same velocity as they do in a match, trying to make 

a winner. They were also told that after the projection of the ball, one player in the 

opposite side assumed a random position in the baseline with the purpose of creating 

an oppositional situation as in the real match. No instruction was given for the foot 

placement. The shots were considered valid “in” when landed inside the target area (3 

x 4.5m) (Figure 2) (Landlinger, Stöggl, Lindinger, Wagner, & Müller, 2012). The 6 

fastest cross court and inside-out forehand strokes that landed inside the target area 

were chosen for analyses. In total, 12 strokes per subject were used for this study 
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(Landlinger, Lindinger, Stöggl, Wagner, & Müller, 2010b). Regarding the two 

collaborators tennis players, with the purpose to create opposition, they started the task 

next to the ball machine and assumed a specific position (previously defined) from 1 to 

13, as shown in the Figure 2. These players alternated between each other after the 

projection of each ball, making a “split-step” in the referred position. After the shot, they 

returned to the initial position. In the 1st and 4rd series they started from the 13th position 

to the 1st position. In the 2nd and 5th series they started from the 1st position to the 13th 

position and in the 3rd and 6th series the positions were random and the players 

assumed all the 13 positions accordingly with a draw. The distance between the marks 

was the following: from the centre (mark 7) to the left, the first 4 marks had 50 cm 

between them, and from the 4th (mark 3) to the others, 1m between them (marks 1 and 

2). On the right side the same logic was followed. The idea was that the closer the 

player was from the centre of the court, the higher the influence he had, that is why the 

distance between marks was shorter. On the other hand, the further from the centre of 

the baseline a player is, the lesser detail on the distance is needed and used by an 

opponent during the play.  

 

 

Figure 2 – Testing environment 
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3.3 Data Collection and Processing 

Full body kinematic variables were collected with the Xsens MVN motion capture 

system (Xsens MVN Technologies, Enschede, NL) with 17 MTx sensors and two Xbus 

Masters. The system calculates the position and orientation of the body segments by 

integration of gyroscopes and accelerometers signals which were continuously updated 

using a biomechanical model of the human body (Roetenberg, Luinge, & Slycke, 

2009). The Xbus Masters synchronized all the sensors sampling and provided wireless 

communication with the PC. The data was captured with a frequency of 120 Hz and all 

the kinematics variables were recorded in real time with the MVN Studio Pro software 

3.4.1 to a personal computer (Toshiba Satellite A300 – 1S9). The inertial sensors were 

placed on both feet, lower legs, upper legs, pelvis, shoulders, sternum, head, upper 

arms, forearms and hands (Figure 3) using mounting straps adjusted to the body. 

Calibration procedures were performed in order to align the sensors with the body 

alignment and to determine the segment’s length. This procedure consisted in three 

parts: 1) measurement of the subject’s body dimensions (body height, foot size, arm 

span, ankle height, hip height, hip with, knee height, shoulder with, shoe sole height), 

2) data fusion, which consists in the calculation of the distance from the sensors to the 

anatomical points of the lower limbs in order to improve the accuracy of the segments 

calibration, ensuring the alignment of the sensors to each segment of the subject. For 

this last part it was performed three calibrations steps, the n-pose, squat and hand 

touch calibration (B.V., 2012). In order to record the placement of the shot it was used 

a digital video camera Panasonic HC-V10 (Figure 2) positioned above the tennis court. 

 

 

Figure 3 – a) Subject with the Xsens MVN system ready for data collection; b) Biomechanical 

model of Xsens. 

 

a b 
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The output kinematics is calculated through a fusion scheme, computing position, 

velocity, orientation, angular velocity and angular acceleration of each body segment, 

with respect to a global (earth-fixed) reference coordinate system (Figure 4). The global 

reference coordinate system used is defined as a right handed Cartesian coordinate 

system with: positive X-axis pointing to the local magnetic North; Y-axis positive in 

accordance with the right hand coordinates (West) and Z-axis positive when pointing 

up. Whereas the local reference coordinate system also uses the right hand Cartesian 

coordinate system with: X-axis pointing forward; Y-axis pointing up, from joint to joint 

and Z-axis pointing right (Figure 4).  

 

Figure 4 – Segments’ coordinate system in relation to the global coordinate system. Adapted 

from – Xsens MVN User Manual. 

 

For kinematic analyses, the data from the three-dimensional coordinates were exported 

to C3D format from MVN Studio Pro software, and kinematic variables were then 

analysed with Visual 3D software (Visual 3D Professional V5.01.21, C-motion, 

Germantown, MD). No filter was used because after a 10Hz low-pass Butterworth filter 

(Seeley, Funk, Denning, Hager, & Hopkins, 2011) the curves of all kinematic variables 

remained much the same. The points were exported in form of bony landmarks (Figure 

5a). These landmarks were used for the reconstruction of fifteen body segments (head, 

right and left feet, right and left shanks, right and left thighs, pelvis, trunk, right and left 

upper arms, left and right forearms, left and right hands). A biomechanical model with 6 

degree of freedom was built in Visual 3D (Figure 5b). Each body segment was 

reconstructed as a rigid body with a length and an imported local coordinate system. 

The system tracks the position and orientation of each segment, allowing the 

calculation of all the kinematic variables. An X-Y-Z cardan rotation sequence was used 
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to calculate all the joint angles with the exception of the shoulder, flexion/extension, 

abduction/adduction and external/internal rotation, where a Z-Y-Z cardan rotation 

sequence was used (Seeley, Funk, Denning, Hager, & Hopkins, 2011). The kinematics 

of the wrist, elbow, shoulder, trunk, hip, knee, and ankle joints was calculated from the 

dominant side for each trial. The angular velocities were derived from the angular 

positions of each joint. 

 

Figure 5 – a) Bony landmarks exported from Xsens MVN; b) Biomechanical model computed 

with 6 degrees of freedom in Visual 3D (Visual 3D Professional V5.01.21, C-motion, 

Germantown, MD). 

   

Video motion capture was synchronized with Xsens MVN system in the software 

Qualisys Track Manager (Qualisys AB, version 2.10., Gothenburg, Sweden). The 

motion capture, was performed in a sagittal plane with two cameras Qualisys (model: 

Oquos 210c and Oquos-300) operating at 240Hz, enabling to capture the racket and 

ball movement. Before capture, a calibration was made with a calibration cube (Figure 

6), with 1.8m height, deep and wide.  

 

Figure 6 – Calibration cube with 1.8m height, deep and wide with 4 reference points. 

b a 

1 

2 3 

4 
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The Ariel Performance Analysis System (APAS®) was used to analyse the linear 

velocity of the ball and the racket. It was digitized five points on the racket (grip, shaft, 

side 1, top and side 2), and one on the ball (Figure 7). A direct linear transformation 

and digital filtering at 30 Hz were used to calculate the 2D coordinates of the racket 

and the ball.  

 

Figure 7 – Digitized points to analyse the linear velocity of the racket and ball. 

 

In order to calculate the upper limb contributions to the racket head velocity we have 

used the same calculations made by Sprigings, Marshall, Elliott, & Jennings (1994) 

with MATLAB software (R2010A). The absolute velocities of each segment, (upper 

arm, forearm and hand) were given by the inertial sensors fixed on each segment. 

Those velocities were obtained with reference through the global reference coordinate 

system (Figure 4). The relative angular velocities of each segment were calculated with 

reference to its proximal segment. The linear velocity of each segment was calculated 

through the vector cross product between the relative angular velocity and the vector 

which defines the beginning and the end of the segments (radius) (Figure 7).  

 

 

Figure 8 - Seg1= Segment 1: Upper Arm, Seg 2=Segment 2: Forearm, Seg 3=Segment 3: 

Hand, Seg 4= Segment 4: Racket, Pk=centre of the racket (Visual 3D, C-motion, Germantown, 

MD). 
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The velocity in the middle of the racket (Vk) can be calculated with the linear velocities 

of the upper limbs and expressed as:  

 

                                                         )  (eq.1) 

 

Where      is interpreted as the linear velocity contribution that the legs and torso make 

to develop the racket-head velocity,            are absolute angular velocities of the three 

segments and                   vectors define segments’ length. 

Knowing the relation between absolute and relative velocity: 

 

           (eq.2) 

           (eq.3) 

 

Where W21 are the relative velocities of the forearm segment relative to the arm and 

W31 the relative velocity of the hand relative to the forearm. 

In the algorithm presented by Sprigings, Marshall, Elliott, & Jennings (1994) the 

rotation in the Y-axis (adduction and abduction) of the elbow and the rotation in the Z-

axis (internal and external) of the hand are equal to zero. 

 

                 (absolute velocity of the upper arm) 

                  (relative velocity of the forearm) 

                  (relative velocity of the hand) 

 

The contribution of the separate anatomical rotations     can be determined with the 

following equation:  

 

                                                 

                                 

                                 (eq. 4) 

 

Where      is the linear velocity of legs and torso ,                 are the angular velocities 

of flexion and extension,             are the angular velocities of adduction and abduction, 

            are the angular velocities of internal and external rotation of the three 
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segments,                            are the vectors with origin in the joint and extremity 

in the middle of the racket (Sprigings, Marshall, Elliott, & Jennings, 1994). 

 

3.4 Statistical Analyses 

All statistical analyses were performed using SPSS version 20 (SPSS Inc. Company, 

Chicago). Means and standard deviation of the variables were calculated for the 

descriptive statistics. For each parameter data from cross court and inside out direction 

a test Wilcoxon Matched-Pairs Signed Ranks test were used to test for significances 

differences between two directions. The level of significance was set at p≤ 0.05 and 

effect size (r) was defined as small for small effect = 0.1, medium effect =0.2 and large 

effect =0.5 (Cohen, 1988; Pallant, 2011).  
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4 Results  

Table 2 displays the means and standard deviations of the joint angles of the upper-

arm from the end of the backswing, impact, follow through (end of forward racket 

movement) and peak joint angles between the end of the backswing and the ball 

impact in two directions (cross court and inside out). Results showed a tendency with a 

large effect size in the extension of the wrist at the end of the follow through when 

players played cross court (cross court: -22.9 ± 14.1°; inside out: -18. 9 ± 13.7°; 

p=0.06; r=0.57). Abduction of the wrist at the end of the follow through have 

demonstrated significant differences between the two directions, showing a higher 

abduction of the wrist in the inside out direction (p<0.05) (Table2). Rotation of the 

shoulder showed significant differences in the end of the follow through phase, where a 

higher internal rotation was observed in the inside out direction (cross court: -54.0 ± 

11.8° vs. inside out: -48.0 ± 11.0°, p<0.05) (Table 2). The other kinematic variables of 

the upper arm did not show any significant differences between two directions of the 

forehand drive. 

Table 3 displays the means and standard deviations of the joint angles of the trunk and 

lower limbs from the end of the backswing, impact, follow through (end of forward 

racket movement) and peak joint angles between the beginning of the forward swing 

until the impact, in the two directions (cross court and inside out). Results showed no 

significant differences between the forehand drive when played in both directions 

(p>0.05) (Table 3). 

Table 4 displays the means and standard deviations for peak joint angular velocities 

from the end of the backswing to the ball impact in two directions (cross court and 

inside-out). The results demonstrated an increased angular velocity with significant 

differences in the elbow pronation when the players hit the ball in cross court direction 

(CC: 805.4 ± 224.9°/s vs. IO: 730.0 ± 210.7°/s, p<0.05). No other joint angular 

velocities showed significant differences between directions. 
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Table 2 - Means and standard deviations for joint angles of upper-arm from end of backswing, 

ball impact, follow through (end of racket horizontal movement) and peak joint angles between 

the end of backswing to impact in two directions (cross court and inside out). 

 
 

Cross Court Inside-Out 

Wrist Flexion (+) / Extension (-)   

End of backswing (°) -18.4 ± 13.6 -19.0 ± 14.2 

Impact (°) -30.4 ± 13.3 -31.3 ± 12.7 

Follow through (°) -22.9 ± 14.1
#
 -18. 9 ± 13.7

# 
 (r =0.57) 

Peak (°) -52.1 ± 11.1 -52.6 ± 11.1 

Wrist adduction (-) / abduction (+)   

End of backswing (°) 4.8 ± 13.7 5.8 ± 13.1 

Impact (°) 1.8 ± 18.2 1.2 ± 18.2 

Follow through (°) 13.9 ± 17.2
+
 16.9 ± 18.6

+  
(p=0.031) 

Peak (°) -11.6 ± 18.4 -11.6 ± 17.1 

Elbow Flexion (+) / Extension (-)   

End of backswing (°) 59.7 ±  13.3 60.4 ± 13.5 

Impact (°) 66.3 ±  18.9 66.4 ± 22.9 

Follow through (°) 62.0 ± 15.9 62.9 ± 20.5 

Peak Extension (°) 46.8 ± 16.8 45.8 ± 18.2 

Elbow Pronation (+) / Supination (-)   

End of backswing (°) 72.8 ± 21.4 72.8 ± 21.2 

Impact (°) 28.3 ± 23.0 28.3 ± 20.4 

Follow through (°) 48.8 ± 27.0 50.5 ± 29.2 

Peak Extension (°)  24.4 ± 21.7 24.5 ± 19.6 

Shoulder Flexion (+) / extension (-)   

End of backswing (°) 12.9 ± 8.3 14.1 ± 8.2 

Impact (°) 54.7 ± 14.1 54.3 ± 14.6 

Follow through (°) 65.2 ± 8.6 65.6 ± 7.9 

Peak (°) 55.6 ± 14.8 53.0 ± 14.1 

Shoulder Abduction (-) / adduction (+)   

End of backswing (°) -45.1 ± 9.1  -46.6 ± 9.0 

Impact (°) -47.9 ± 4.6 -47.3 ± 7.1 

Follow through (°) -55.6 ± 6.2 -56.7 ± 9.9 

Peak (°) -32.5 ± 5.6  -31.6 ± 5.1 

Shoulder internal (+) / external rotation (-)   

End of backswing (°) -54.5 ± 9.5 -55.3 ± 8.5 

Impact (°) -84.9 ± 18.8 -85.5 ± 19.9 

Follow through (°) -54.0 ± 11.8
+
 -48.0 ± 11.0

+ 
(p=0.031) 

Peak (°) -101.5 ± 16.3 -104.3 ± 22.4 

Annotations: Angles are reported in degrees. Zero degrees correspond to the anatomical 

position, except for the ankle, where 90° correspond to the anatomical position of the ankle.  

# 
Tendency with large effect size; 

+
 statistical difference between cross court and inside out FH. 
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Table 3 - Means and standard deviations for joint angles of trunk and lower limbs from end of 

backswing, ball impact, follow through (end of racket horizontal movement) and peak joint 

angles between the end of backswing to impact in two directions (cross court and inside out). 

 
 
 

Cross Court Inside-Out 

Separation Angle toward dominant arm    

End of backswing (°) 22.1 ± 4.6 20.9 ± 6.3 

Impact (°) -16.5 ± 5.1 -16.5 ± 7.1 

Follow through (°) -19.7 ± 8.2 -21.1 ± 11.8 

Peak Rotation toward dominant side (°) 24.2 ± 5.4 23.5 ± 5.9 

Right Hip flexion (+) / extension (-)   

End of backswing (°) 46.8 ± 7.3 45.5 ± 6.3 

Impact (°) -5.3 ± 11.1 -5.31 ±  10.1 

Follow through (°) -5.9 ± 10.2 -7.5 ± 10.3 

Peak Flexion (°) 47.7 ± 7.5 46.5 ± 6.7 

Right Knee flexion (-) extension (+)   

End of backswing (°) -50.8 ± 9.9 -49.9 ± 10.9 

Impact (°) -33.4 ± 16.0 -31.8 ± 11.6 

Follow through (°) -43.1 ± 16.4 -42.7 ± 12.8 

 Peak Flexion (°)  -52.0 ± 11.0 -52.0 ± 12.9 

Right Ankle Joint dorsiflexion (+90) /  
plantarflexion (-90) 

  

End of backswing (°) 73.1 ± 11.8 74.6 ± 11.8 

Impact (°) 34.0 ± 7.9 33.4 ± 10.1 

Follow through (°) 29.9 ± 7.9 29.8 ± 9.9 

Peak dorsiflexion (°) 74.2 ± 12.0 75.1 ± 11.8 

 

Table 4 - Means and standard deviations for peak joint angular velocities (°/s) from the end of 

backswing  to ball impact  in two direction (cross court and inside-out). 

 Cross Court Inside-Out 

Wrist Flexion (°/s) 601.7 ± 115.9 631.7 ± 118.9 

Wrist Abduction (°/s) 455.7 ± 237.1 501.6 ± 273.7 

Elbow Flexion  (°/s) 394.7 ± 136.0 397.0 ± 163.5 

Elbow Pronation (°/s) 805.4 ± 224.9
+
 730.0 ± 210.7

+ 
(p=0.031) 

Shoulder Flexion (°/s) 325.5 ± 116.0 328.2 ± 116.2 

Shoulder Adduction (°/s) -338.4 ± 101.6 -332.4 ± 117.2 

Shoulder internal rotation (°/s) 503.3 ± 156.6 484.8 ± 172.4 

Trunk rotation toward non-
dominant side (°/s) 

-381.9 ± 68.8 -399.9 ± 37.8 

Hip extension (°/s) -433.3 ± 153.7 -395.1 ± 80.6 

Knee extension (°/s) 297.1 ± 77.3 313.5 ± 101.2 

Ankle plantarflexion (°/s) -397.8 ± 71.3 -455.5 ± 104.4 

Annotations: 
+
 statistical difference between cross court and inside out FH. 
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Table 5 displays the means and standard deviations for racket velocity at impact and 

maximum ball velocity in the two directions. The results showed significant differences 

in the racket velocity at the impact instant where players showed a higher racket 

velocity when played cross court (cross court: 32.0 ± 3.5 m/s vs. inside out: 30.3 ± 3.8 

m/s, p<0.05). There was no significant difference in ball velocity in the two directions of 

play. 

 

Table 5 – Mean and standard deviations for racket velocity at impact and maximum ball velocity 

after impact.
 

 Cross Court Inside-Out 

Racket velocity at impact (m/s) 32.0 ± 3.5
+
 30.3 ± 3.8

+   
(p=0.031) 

Max. Ball velocity (m/s) 44.8 ± 4.7 46.1 ± 6.1 
 

 

Table 6 displays means and standard deviations of linear velocity for shoulder and 

upper limb segments, their contributions to the racket head velocity and racket linear 

velocity at impact in the two directions. It should be emphasized that there were two 

different ways to measure the racket velocity at impact; in this case, the racket velocity 

was measured in the centre of the racket as it is shown in Figure 8. Regarding the 

linear velocity registered in table 5, it was measured in the top of the racket (Figure 7). 

Results did not show significant differences in racket velocity between two directions 

and have not been registered significant differences in the contribution of shoulder and 

upper limbs between the directions of the shot. 
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Table 6 - Contribution of shoulder and upper limb to linear velocity of racket head in the 

direction of impact. 

 
Cross Court Inside out  

 

(n=6; 
36repetition) 

(n=6; 36 
repetition) 

Shoulder 

  M (±SD) (m/s) 2.3±0.3 2.3±0.5 

Contribution (%) 10.4 10.6 

Upper Arm 

  Flexion/Extension/Adductio
n/Abduction 

  M (±SD) (m/s) 10.4±4.6 10.0±3.4 

Contribution (%) 48.1 45.2 

Internal/External Rotation 

  M (±SD) (m/s) 3.3±2.2 3.3±2.4 

Contribution (%) 15.6 14.2 

Forearm 

  Flexion/Extension 

  M (±SD) (m/s) 3.7±2.2 4.6±3.3 

Contribution (%) 17.3 20.9 

Internal/External Rotation 

  M (±SD) (m/s) -0.2±1.4 -0.1±1.1 

Contribution (%) -2.0 -0.9 

Hand 

  Flexion/Extension 

  M (±SD) (m/s) 1.0±0.9 1.5±1.7 

Contribution (%) 4.5 5.3 

Adduction/Abduction 

  M (±SD) (m/s) 1.3±1.5 1.1±1.4 

Contribution (%) 6.1 4.9 

Center of racket 

  M (±SD) (m/s) 21.8±2.2 22.6±1.8 

 

  



 34 

 

 

 

 

 

 

 

Figure 9 – Means curves of joint angles from the end of back swing to the end of horizontal 

racket movement of the cross court and inside out forehand. 
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5 Discussion 

In the beginning of the forward swing, the right wrist starts to increase the extension 

angle and flexes just before the impact, maintaining however the wrist in extension at 

impact which is in accordance with Reid, Elliot, & Crespo, (2013) and Elliot B. (1990), 

(Figure 9). Moreover, in the present study it was shown that the flexion of the wrist just 

before the impact is accompanied by the abduction of the wrist, helping to increase the 

velocity of the racket at impact. This finding has been poorly explored (Rogowsky, 

Rouffet, Lambalot, Brosseau, & Hautier, 2011) and it seems to be a relevant finding in 

this study. During the follow through phase we can see a continuing flexion and 

abduction of the wrist (Figure 9), although we should be careful when interpreting these 

absolute means due to the different grips used by the players. It was shown by Seeley, 

Funk, Denning, Hager, & Hopkins (2011) that the magnitude of the wrist extension 

before the impact is related with the ball velocity. However, in the present study we 

observed a lower wrist peak extension angle from the end of the backswing to the 

impact instant (cross court: -52.1 ± 11.1° and inside out: -52.6 ± 11.1°) and lower 

extension angles during impact (cross court: -30.4° ± 13.3 and inside out: -31.3 ± 

12.7°) when comparing with Seeley, Funk, Denning, Hager, & Hopkins (2011) where 

they showed a peak wrist angle of -87.5 ± 11.5° and  -45.3 ± 7.1° at impact. Landlinger, 

Lindinger, Stöggl, Wagner, & Müller, (2010a) also reported a higher peak angular 

displacement in the wrist (cross court: -89.6 ± 11.3 vs. down the line: -87.7 ± 10.0).  

The right elbow angular displacement reveals an extension-flexion-extension pattern 

from the end of the backswing to the impact (Figure 9). Reid, Elliot, & Crespo (2013), 

refers that the elbow flexion at impact is related to the grip used by the athlete and 

tactical situation, although in this study it was not found any significant differences 

between the two directions of the shot. The present results for the elbow flexion are in 

accordance with the ones reported by Seeley, Funk, Denning, Hager, & Hopkins (2011) 

and Landlinger, Lindinger, Stöggl, Wagner, & Müller (2010a) with high performance 

players (cross court: 70.0± 21.4° and down the line: 61.4 ± 24.7°). The elbow joint also 

revealed an increasing external rotation (supination) from the end of the backswing to 

the impact and an internal rotation (pronation) after the impact and until the end of the 

follow through phase. These findings are also poorly studied and it would be interesting 

to understand these variations between players with different grips. 

Regarding the shoulder joint, we can observe an increasing flexion of the shoulder from 

the beginning of the forward swing until the end of the follow through (Figure 9). In the 
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end of the backswing, the upper arm is almost aligned with the trunk segment (cross 

court: 12.9°±8.3 vs: inside out: 14.1 ± 8.2) and angular velocities varied from 325.5 ± 

116.0°/s in the cross court FH and 328.2°± 116.2°/s in the inside out FH.  

Moreover, in the beginning of the forward swing, the right shoulder increases the 

external rotation and starts to internally rotate just before the impact until the end of the 

follow through. This study also shows an increased internal rotation of this joint angle 

when the players played inside out in the end of the follow through. This finding could 

indicate that the direction of the shot may be influenced by the degree of the shoulder 

rotation.  

At the end of the backswing we could observe a rotation of the shoulders towards the 

dominant side greater than the hips rotation (the so called “separation angle”), which 

creates a muscle pre-tension (elastic energy) in all muscle and associated tissues, 

which will be partial recovered in the forward swing (Elliott, 2001). The present study 

showed a separation angle in the end of the backswing of 22.1 ± 4.6° in the cross court 

direction and 20.9 ± 6.2° in the inside out direction (Table 3), which are in accordance 

with previously studies who refers a separation angle between 20 and 30° (Takahashi, 

Elliot, & Noffal, 1996; Seeley, Funk, Denning, Hager, & Hopkins, 2011; Landlinger, 

Lindinger, Stöggl, Wagner, & Müller, 2010a). However, this partial recovered energy 

may be lost if there was more than a brief pause, where approximately 50% of the 

stored energy is lost if a pause of one second occurs between the backswing and the 

forward swing and after a four second pause all the stored energy is dissipated (Elliot, 

Machar, & Crespo, 2003). At the impact, the results indicate that the shoulders rotation 

are slightly turned to the non-dominate side (cross court: -16.5 ± 5.1°vs: inside out: -

16.5 ± 7.1). These results at the impact are a little superior to those find by (Seeley, 

Funk, Denning, Hager, & Hopkins, 2011) which reported a trunk rotation through the 

non dominant side of 6.2 ± 6.5°. 

As we can seen in Figure 9, in the end of the backswing, the results show the hip in 

maximal flexion and starting to extend until the follow through. Before the impact the 

hip is already in extension, this rear leg extension or back hip aids its movement in the 

forward direction, as well as the trunk rotation in the transverse plane during the 

forward swing (Lino & Kojima, 2001). Many of the strokes performed by the players in 

this study were in fact performed with the feet off the ground. Some authors (Ivancevic, 

Jovanovic, Dukic, Markovic, & Dukic, 2008) have described that this fact seems to be 

even more important the hyperextension of the hip. Similar results showed by (Seeley, 
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Funk, Denning, Hager, & Hopkins, 2011) for the peak hip flexion between 55.5° and 

40.1° and impact (extension) between -4.9° and 6.6°. 

In the end of the backswing, the knee position is almost in maximal flexion (cross 

court:-50.8 ± 9.9° vs. Inside out_-49.9 ± 10.9°), reaching the minimal flexion just before 

the impact. Seeley, Funk, Denning, Hager, & Hopkins (2011) presented mean peak 

angles of 61.3± 12.0°, 56.2 ± 7.3° and 48.3 ± 6.7° in fast, medium and slow post impact 

forehand ball speed respectively. Assuming the present study as a fast post impact ball 

speed, we can consider a lower peak flexion angle in this study (cross court: -52.0° ± 

11.0°; inside out: -52.0 ± 12.8) and a higher angle at the impact (cross court: -33.4 ± 

16.0; inside out: -31.7° ± 11.5). Initial knee position in closed stance was positively 

related to racket velocity (Nesbit, Serrano, & Elzinga, 2008), although the athletes who 

participated in this study have all used a semi-open stance in forehand stroke.  

Relative to the ankle joint, we can observe a progressive plantarflexion from the 

beginning of the forward swing until the impact, and even after the impact all the 

players continued with a progressive plantar flexion. In fact, most of them achieved the 

highest plantarflexion peak in the air, in accordance with Ivancevic, Jovanovic, Dukic, 

Markovic, & Dukic (2008). One author (Seeley, Funk, Denning, Hager, & Hopkins, 

2011) have reported higher values for peak dorsiflexion and impact angles between 

forward swing and impact. 

The racket speed is one of the biggest goals of a tennis player which depends on an 

extremely well coordinated momentum transfer from the racket to the ball. Relatively to 

the racket linear velocity at the impact, it was recorded with significant differences 

(p<0.05) 32.0 m/s in cross court and 30.5 m/s in inside out direction. These findings are 

in accordance with Landlinger, Lindinger, Stöggl, Wagner, & Müller (2010a) who 

compared elite and high performance tennis players reporting 32.3 ± 1.9 m/s and 30.4 

± 0.8 m/s when players played cross court, for elite and high performance players, 

respectively (which is very similar with our study). When playing down the line they 

reported a lower racket velocity (elite - 29.8 ± 1.5m/s and high performance 27.7 ± 2.1 

m/s). The same authors in another study reported similar racket velocities at the 

impact, (34.4 m/s cross court and 31.7 m/s in down the line) in elite tennis players 

(Landlinger J. , Lindinger, Stöggl, Wagner, & Müller, 2010b). On the other hand (Elliott, 

Marsh, & Overheu, 1989) in a study comparing tennis players who hit their forehand 

with the upper limb moving almost as a single unit (GS: single-unit group) with players 

whose individual segments of the upper limb moved relatively to each other during the 
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preparation and forward swing phases (GM: multisegment group). They reported a 

racket velocity at the impact of 23.3 m/s for the GM group and 20.2 m/s for the GS 

group, which is considerably different from our study. However, we have to take into 

account that this study has more than 20 years.  

When interpreting the ball speed of the present study (cross court: 44.8 ± 4.7m/s vs. 

Inside out: 46.0 ± 6.1m/s) we observe a higher speed than Elliott, Marsh, & Overheu 

(1989) who reported a post impact ball velocity of 34.5 m/s in the GM group and 

32.3m/s in the GS group. Landlinger J. , Lindinger, Stöggl, Wagner, & Müller (2010a) 

also reported a lower post impact ball velocity (34.5m/s) in elite players. Knudson & 

Blackwell (2005) reports a ball velocity after the impact of 29.7 m/s. Similar velocities 

with our study were reported by Seeley, Funk, Denning, Hager, & Hopkins (2011) 

referring a post impact ball speed of 42.7 m/s in fast conditions in a study about the 

kinematic variables changes with the post impact ball speed increase. 

Contributions to the racket head speed  

At the impact, the linear velocities of the center of the racket head in the horizontal 

direction were 21.8 ± 2.2 m/s in the cross court FH and 22.6 ± 1.8m/s in the inside out 

FH. Relatively to the upper limb contributions to the racket head velocity, we can state 

by the results of this study that the greater contribution for the racket head velocity was 

from the flexion and abduction of the upper arm with 48.1% in the cross court FH and 

45.2% in the inside out FH, followed by the extension of the forearm with 17.3% in 

cross court and 20.9 in the inside out situation. Internal rotation of the upper arm had a 

contribution of 15.6% in the CC and 14.2% in the IO situation. These results are 

somewhat different from those related by Elliott, Takahashi, & Noffal (1997) where the 

greater contribution for the racket head speed was from the internal rotation of the 

upper arm (40% in the flat FH), followed by the horizontal flexion/abduction of the 

upper arm with 34.1% in the flat FH and the extension of the forearm had just 2.4% of 

the total contribution. These considerable differences could have many explanations 

such as the impact location point that was different between these two studies: in our 

study the players hit the ball in a position inside the court near the service line and in 

the aforementioned study the place of impact was near the baseline. Another 

difference relates to the fact that we didn´t divide the subjects by the used grips, and 

the differences of grips could have some influence in the contributions of the upper 

limbs.  
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5 Conclusion 

Although many studies try to understand the most important kinematic variables to a 

successful performance of the forehand drive, this is the first study to assess the main 

kinematic variables in this location of impact in an ecological situation (in the real field 

and against an opponent) and using an inertial sensors methodology. As expected, we 

did not find major differences between the two directions of the shot given the level of 

the players. However, we found some significant differences in the final instant of the 

horizontal racket movement, which could have influence in the direction of the shot. 

Nevertheless, there is still the need for more studies focused on the influence of the 

wrist abduction/adduction movement and shoulder internal/external rotation, to confirm 

these findings. 

We can state that the ball velocities reported in this study were higher when compared 

to others studies and one of the main reasons could be related with the impact zone,  

in our case it allowed hitting the ball with an increased horizontal trajectory in 

comparison with a stroke from the base line. As Elliott, Marsh, & Overheu (1989) 

mentioned, the shot direction is greatly determined by the alignment of the racket at the 

impact, however in this research we found different alignments of the abduction of the 

wrist and the internal rotation of the right shoulder when players hit in different 

directions. Relatively to the contributions to the racket head velocity, we have found 

major different contributions of the segments comparing with the study developed by 

Elliott, Takahashi, & Noffal, (1997). It would be interesting to study the differences in 

these contributions between different impact locations in order to understand if these 

differences are related with the place of impact. 

More studies with this kind of methodology are needed to try to understand, which the 

most important kinematic variables to help tennis players and coaches to improve the 

forehand drive winner. 
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