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Different types of tennis injury have been associated with play on different court surfaces 
and current knowledge of tennis player and court interactions is limited. This paper 
provides a brief overview of tennis injury incidence, player movements and the 
biomechanics of slips. The discussion proposes a new direction for assessing tennis 
player-surface interactions and outlines current work. It is envisaged that current work will 
contribute to the understanding of tennis player-surface interactions and be of practical 
use in the future regulation of tennis courts. 
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INTRODUCTION: A defining characteristic of tennis is that it is played on a variety of court 
surfaces (ITF, 2010). Indeed, Grand Slam tournaments (i.e. Wimbledon, Roland Garros, 
Australian Open and US Open) are played on grass, clay and acrylic surfaces. Competitive 
tennis events are regulated by the International Tennis Federation (ITF) which is responsible 
for developing technological aspects of tennis to improve safety, performance and 
participation while preserving the sports’ integrity. As such, a fundamental role of the ITF is to 
determine the rules and specifications of tennis to help regulate the sport (ITF, 2010). 
Properties of tennis courts used for competition, e.g. friction, energy restitution, dimension 
etc., must meet standards published by the ITF to ensure safety of use and consistency 
between competitions (ITF, 2010). For example, the ITF has implemented a court pace rating 
protocol that assesses ball-surface interactions of different court surfaces to categorise court 
pace (ITF CS 01/02; ITF, 2010). However, current knowledge of player-surface interactions 
with different court surfaces is limited (Miller, 2006). 
Player-surface friction is a dynamic quantity that depends on loading conditions at the shoe-
surface interface. The tennis shoe provides an important middle-link between player and 
court, as kinetic chain movements and task constraints originate from this interface. Shoe-
surface interactions are therefore an important consideration in tennis injury incidence. For 
example, courts providing a high coefficient of friction (COF) have been associated with knee 
and ankle joint injuries (Nigg & Sesser, 1988) whereas courts providing a low COF have 
been associated with slipping injuries (Biener & Caluori, 1977). Currently, there is limited 
research addressing how tennis players interact with tennis courts. This paper briefly reviews 
tennis injury incidence, player movements and slip biomechanics. The discussion will 
propose a new direction for assessing player-surface interactions and outline current work. 
Tennis injury incidence: Playing tennis, as participating in other sports, increases risk of 
injury due to physical exertion (Hjelm et al., 2010). Tennis injuries are commonly reported as 
overuse injuries or muscle and ligament strains and sprains, reflecting the various demands 
placed on anatomical structures (Bylak & Hutchinson, 1998). Indeed, tennis has a unique 
‘injury profile’ when compared to other sports (Pluim et al., 2006). However, tennis is an 
evolving sport. The ‘wooden racket era’ of tennis reflects a period when game style was 
characterised by style and finesse. At that time, injuries were predominantly to the hands and 
arms; injuries to the feet and back occurred less frequently and with lower severity (Frey, 
1969). Following the introduction of aluminium, oversized rackets in 1975, the ‘modern era’ of 
tennis refers to a game now characterised by more powerful strokes, higher rates of ball spin 
and more athletic court movements (Fernandez et al., 2006). The ‘modern era’ of tennis 
therefore has different physiological requirements of players and as such, frequently injured 
sites differ to those of the ‘wooden racket era’. In a recent review of 28 epidemiological tennis 
injury studies published between 1976 and 2005, Pluim et al. (2006) identified that the lower 
extremities now comprise the most frequently injured sites in tennis (31.1 – 67.0%), followed 
by the upper extremities (20.0 – 48.6%) and trunk (3.0 – 22.0%). Further, the review 

DISCUSSION: In this study we confirmed our hypothesis that inertial sensors can be used 
for automatic temporal phase detection during swimming. The high value of ICC indicates the 
consistency of our video analysis and thus, can be used as a reference to evaluate the 
proposed algorithm. Table 1 showed that the standard deviation of the difference between 
the two systems (video and inertial) was in accordance with standard deviation of inter-
operator difference. Therefore, the precision (expressed by Standard Deviation) of inertial 
system can be considered as good enough compared to video analysis. The mean difference 
of inertial system and video based system is always lower than 0.8 frames which is in the 
range of resolution of video analysis (i.e. 1 frame) and casts the accuracy of the inertial 
system. Table 1 shows also that the main source of difference between the two systems 
originates from detection of tPUL. This problem could come from confusion during video 
analysis to find out whether the hand is moving downward or downward and backward 
(Seifert et al., 2006). The later results in a propulsive force and considered as pull phase. 
Whilst, our algorithm is more reliable since we used the end of motionless part of the signal 
on two different signals (acceleration and angular velocity). Besides, our data capturing 
method enables us to address the problem of inter-cycle variability as we can have cycle to 
cycle analysis whereas the field of view of video based system (when calibrated for 3D 
analysis) is restricted to 2 or 3 cycles. Finally, our results showed that inertial system 
provides similar results to video analysis in a wide range of coordination.  
 
CONCLUSION: In this study we introduced a new system based on inertial sensors with 
dedicated algorithms that can be used easily by the coaches to assess automatically the 
main temporal phases of arm stroke in front-crawl. The proposed algorithms inspired from 
dynamics of swimming have shown to be enough accurate and precise and avoid the long 
and time-consuming video-analysis. Therefore, the method offers a promising technique for 
investigating the biomechanics of swimming. The system has been validated in different 
coordination modes and provided an error lower than 5% in IdC. To our knowledge, this is 
the first time that IdC is estimated automatically with inertial sensors.  
 
REFERENCES: 
Bächlin, M., Förster, K., & Tröster, G. (2009). SwimMaster: a wearable assistant for swimmer. In 
Proceedings of the 11th ACM international conference on Ubiquitous computing (pp. 215–224). 
Callaway, A. J., Cobb, J. E., & Jones, I. (2009). A comparison of video and accelerometer based 
approaches applied to performance monitoring in swimming. International Journal of Sports Science 
and Coaching, 4(1), 139–153. 
Chollet, D., Chalies, S., & Chatard, J. C. (2000). A new index of coordination for the crawl: description 
and usefulness. International Journal of Sports Medicine, 21(1), 54–59. 
Favre, J., Aissaoui, R., Jolles, B.M., De Guise, J.A., & Aminian, K. (2009). Functional calibration 
procedure for 3D knee joint angle description using inertial sensors. Journal of Biomechanics, 42(14), 
2330-2335. 
Favre, J., Jolles, B. M., Siegrist, O., & Aminian, K. (2006). Quaternion-based fusion of gyroscopes and 
accelerometers to improve 3D angle measurement. Electronics Letters, 42(11), 612–614. 
Gustafsson, F., & Firm, K. (2000). Adaptive filtering and change detection. Wiley Online Library. 
Ohgi, Y. (2002). Microcomputer-based acceleration sensor device for sports biomechanics-stroke 
evaluation by using swimmer's wrist acceleration. In Proceedings of the 1st IEEE conference on 
Sensors (Vol. 1, pp. 699–704). 
Pansiot, J., Lo, B., & Yang, G. Z. (2010). Swimming Stroke Kinematic Analysis with BSN. In 
Proceedings of IEEE International Conference on Body Sensor Networks (pp. 153–158). 
Schechner, Y. Y., & Karpel, N. (2004). Clear underwater vision. In Proceedings of IEEE Computer 
Society Conference on Computer Vision and Pattern Recognition (Vol.  1, pp. 1536-1543). 
Seifert, L., Schnitzler, C., Aujouannet, Y., Carter, M., Rouard, A., & Chollet, D. (2006). Comparison of 
subjective and objective methods of determination of stroke phases to analyse arm coordination in 
front-crawl. In Portuguese Journal of Sport Sciences (Vol. 6, pp. 92–94). 
 



860ISBS 2011 Porto, Portugal

Vilas-Boas, Machado, Kim, Veloso (eds.) 
Biomechanics in Sports 29

Portuguese Journal of Sport Sciences
11 (Suppl. 2), 2011

their findings were insensitive due to possible overcompensation to the relatively stiff, force 
plate baseline trial. However, findings highlight well known difficulties in assessing task 
specific manoeuvres in laboratory settings and suggest a need to qualify manoeuvre data 
collected in laboratories. 
 
DISCUSSION: In light of tennis injury incidence, the physical demands of modern tennis 
manoeuvres and effects of different court surfaces, it is important to identify biofidelic loading 
conditions of player-surface interactions during tennis manoeuvres. Further, it is important to 
replicate and measure such interactions for the systematic assessment of tennis surfaces. 

Figure 1: Sliding forehand groundstroke at ball contact (left), stabilising foot contact (centre) 
and maximum stabilising foot displacement (right). 
 
Tennis player-surface assessment: It is proposed that a manoeuvre specific, shoe-surface 
testing device is developed. The device should be able to reproduce selected tennis 
manoeuvres and measure force to identify manoeuvre specific, shoe-surface loads. To 
quantify and replicate player-surface interactions, a three-phased approach is outlined: 
Phase 1: Specific kinematics of real tennis manoeuvres performed on a variety of court 
surfaces must first be identified. Player-surface interactions of interest will be initially limited 
to forehand groundstrokes performed on grass, clay and acrylic court surfaces. Kinematic 
data will be collected during elite competition, e.g. Figure 1, to optimise the ecological validity 
of collated data and subsequent test protocols. Three-dimensional player (pseudo-centre of 
mass), feet and ball position data will be derived from footage of forehand groundstrokes. 
Three key forehand manoeuvres will be identified by dichotomising derivative data, e.g. slide 
distance. Recently, a pilot study was conducted at a major tennis tournament to assess the 
viability of quantifying player-ball kinematics. Two high-speed cameras (Phantom v4.3, 
Vision Resarch, NJ, USA) were mounted on tripods directly behind courtside perimeter 
advertising boards at the Barclays ATP World Tour Finals, 2010. Cameras were focussed on 
a location 1.5 m behind the deuce side baseline and operated at 100 Hz. Cameras were 
triggered manually to record 1 s pre- and 1 s post-ball contact during forehand 
groundstrokes; video clips were automatically downloaded to a laptop. The three-
dimensional space of both cameras’ field-of-view was inferred via a calibration process using 
still images of a planar calibration rig, e.g. checkerboard (Zhang, 1999). Player pseudo-
centre of mass, feet and ball position data are currently being quantified using automated 
image processing techniques. Findings of the pilot work described above are to be presented 
for discussion. 
Phase 2: Three test protocols will be developed from player-ball movement data, to enable 
the assessment of forehand groundstroke manoeuvres in greater detail. Elite standard tennis 
players will be recruited and asked to return projected tennis balls on a tennis court. A 
portable runway, housing a portable force platform, will be assembled on-court and surfaced 
with different court surfaces, e.g. grass, clay and acrylic. A three-dimensional motion analysis 
system will be integrated with the force platform to record three-dimensional position data of 
passive markers (affixed to participants) and three-dimensional ground reaction force data. 
Collected data will be analysed post-hoc to obtain relevant kinetic and kinematic data. 
Photocell timing gates will monitor participant movement speed; acceptable trial criteria 
include desirable movement speed, clean foot-force platform contact and successful 
groundstroke. 
Phase 3: A portable shoe-surface testing device will be developed to replicate player-surface 
interactions recorded in phase two. The device will consist of pneumatic cylinders capable of 
producing vertical, horizontal and rotational movements of an artificial foot. The device will be 

highlights a progression from predominantly upper extremity injuries, (four studies), to lower 
extremity injuries, (23 studies; Pluim et al., 2006). The review also highlighted that the nature 
of lower extremity injuries are predominantly acute injuries, in contrast to chronic, upper 
extremity injuries. This shift in injury profile reflects the increased pace and intensity of 
‘modern era’ tennis and highlights the importance of player-surface interactions. 
Player movements: Tennis movements typically consist of an initial split step followed by a 
combination of side steps and strides to reach an incoming ball (Hughes & Meyers, 2005). 
Within a rally, approximately 80% of strokes are played within 2.5 m of the players’ ready 
position; 10% of strokes are played between 2.5 – 4.5 m of the ready position and less than 
5% of strokes are played beyond 4.5 m of the ready position (Fernandez et al. 2006). During 
an average rally, players travel 8 – 12 m and change direction four times; constituting 300 – 
500 high intensity efforts during a three set match (Fernandez et al., 2006). However, player 
movement patterns differ between grass, clay and acrylic tennis surfaces. O’Donoghue & 
Ingram (2001) identified that rallies played at Roland Garros (clay surface) were longer and 
consisted of more baseline play than rallies played at the US and Australian Opens (acrylic 
surfaces). Similarly, rallies at the US and Australian Opens were longer and consisted of 
more baseline play than rallies played at Wimbledon (grass surface). As such, court surface 
characteristics, e.g. COF, have been suggested to influence both player movement patterns 
and subsequently, player injury risk (Girard et al., 2007). Recently, Girard et al. (2007) 
assessed in-shoe plantar pressure during specific turning manoeuvres on Greenset and clay 
tennis court surfaces (high and low COF respectively). Girard et al. (2007) highlighted that 
manoeuvres performed on Greenset resulted in greater mean forces (whole foot) and shorter 
contact times when compared to the same manoeuvres performed on clay. Further, plantar 
loading was characterised by peak loads occurring under the hallux on Greenset, whereas 
peak loads occurred under the midfoot on clay. Such research highlights that the court 
surface effects player movements and lower-limb loading strategies in tennis. 
Biomechanics of slips: The ratio of ‘available’ and ‘utilised’ COF describes the stability of 
the shoe-surface interface; if the ratio is greater than one, a slip should not occur (Redfern et 
al., 2001). However, friction models that assume friction is entirely a material property, e.g. 
Amontons-Coulomb model, are not appropriate during dynamic loading conditions such as 
human locomotion. Shoe-surface friction is a dynamic quantity, dependent on contact area, 
pressure, velocity, contact time and numerous other variables (Chang et al., 2001). Recent 
‘biofidelic’ assessments of shoe-surface friction have attempted to quantify events that 
develop from perturbation to unrecoverable fall. In walking trials, research has indicated that 
foot kinematics prior to contact, specifically foot-floor angle and vertical heel velocity, 
decrease during alerted and known slip trials, in contrast to normal dry and unexpected slip 
trials (Chambers et al., 2003). This suggests kinematic mediation in response to a known slip 
hazard, resulting in the stabilisation of shoe-surface interactions. Recently, McGorry et al. 
(2010) assessed slip mechanics when available and utilised COF differences were 
minimised, creating ‘marginally slippery’ conditions. Findings demonstrated that in walking, 
conditions at heel strike were not responsible for slip propagation. Rather, McGorry et al. 
(2010) suggested that utilised COF and heel velocity 25 – 30 ms after heel contact were 
critical to the development of a recoverable or unrecoverable slip.  
In racket sports, foot loading characteristics are predominantly a result of stroke type. In 
1991, Chapman et al. highlighted that squash court COF varied depending on contact type, 
e.g. heel or whole foot, and court surface contamination, e.g. dust or water. Chapman et al. 
(1991) controlled foot contact via stroke type, e.g. side-step or lunging forehand, and 
demonstrated that limiting friction could be exceeded on dusty surfaces with a whole foot 
contact but not a heel contact, and on damp surfaces with a heel contact but not a whole foot 
contact. This highlights the dynamic nature of player-surface interactions. Recent laboratory 
research has assessed translation COF during specific tennis manoeuvres performed on 
different surfaces. However, Stiles & Dixon (2006) found no differences in peak translation 
COF for carpet, acrylic and artificial turf, despite distinctly different mechanical characteristics 
of these surfaces. Further, no differences were observed in lower-limb kinematics or peak 
vertical or horizontal ground reaction forces (Stiles & Dixon, 2006). The authors suggested 
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plate baseline trial. However, findings highlight well known difficulties in assessing task 
specific manoeuvres in laboratory settings and suggest a need to qualify manoeuvre data 
collected in laboratories. 
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manoeuvres and effects of different court surfaces, it is important to identify biofidelic loading 
conditions of player-surface interactions during tennis manoeuvres. Further, it is important to 
replicate and measure such interactions for the systematic assessment of tennis surfaces. 

Figure 1: Sliding forehand groundstroke at ball contact (left), stabilising foot contact (centre) 
and maximum stabilising foot displacement (right). 
 
Tennis player-surface assessment: It is proposed that a manoeuvre specific, shoe-surface 
testing device is developed. The device should be able to reproduce selected tennis 
manoeuvres and measure force to identify manoeuvre specific, shoe-surface loads. To 
quantify and replicate player-surface interactions, a three-phased approach is outlined: 
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system will be integrated with the force platform to record three-dimensional position data of 
passive markers (affixed to participants) and three-dimensional ground reaction force data. 
Collected data will be analysed post-hoc to obtain relevant kinetic and kinematic data. 
Photocell timing gates will monitor participant movement speed; acceptable trial criteria 
include desirable movement speed, clean foot-force platform contact and successful 
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The purpose of this study was to investigate in the usability of a wireless accelerometer 
linked to a mobile phone via Bluetooth radio for measuring vertical displacement in run-
ning athletes. Five experienced runners were monitored during lactate threshold testing 
at three to five different velocities. Accelerometer data was received, processed and 
stored on the phone to be compared to simultaneous position transducer (ground truth) 
recordings after data collection. A paired t-test and statistical analysis show no significant 
differences in the reliability of the recordings. While further investigations are encour-
aged, the accelerometer and algorithm (running in J2ME on the mobile phone) proof as a 
flexible, easy-to-use tool for out-of-the-lab monitoring and to provide real-time feedback 
for running technique experiments. 
 
KEY WORDS: vertical displacement, running economy, accelerometer, Bluetooth. 
 

INTRODUCTION: Running economy (RE) is generally defined as total oxygen consumption 
in ml kg-1 min-1 during running at a given submaximal steady state velocity. There are a num-
ber of possible factors affecting running economy (Saunders et al., 2004). Biomechanical 
factors affecting RE as discussed by Berg (2003) are not as commonly reported as physio-
logical factors. 
From a mechanical standpoint, the vertical displacement (VD) of the runner’s centre of mass 
at each step should be one indicator of the efficiency of the technique. The correlation be-
tween VD and RE has not been studied enough to draw any final conclusion. However, in a 
study by Williams and Cavanagh (1983), a weak correlation (non-significant) was shown. It 
has also been shown that an exaggerated VD does affect RE negatively (Tseh et al., 2008). 
Furthermore, a strong vertical force impulse has shown to affect RE negatively (Heise & Mar-
tin, 2001). As VD is proportional to the energy required at each step, a good measure of the 
power that the runner exerts is proportional to VD multiplied by the step-frequency (SF), even 
in the presence of elastic components that are not modelled in this work. 
It has been shown that VD of the body’s centre of mass can be approximated accurately by 
only considering the oscillations of the sacrum (Gullstrand et al., 2009). The same study also 
showed that VD can be estimated by using a two-axis accelerometer. However, all data pro-
cessing in that study was performed off-line. In this study we demonstrate that it is possible 
to accurately compute VD in real-time with a wireless accelerometer unit and a standard mo-
bile phone. The purpose of such a simple setup is to provide an accessible, non-obtrusive 
tool that can be used in the everyday training. The aim of this study is to demonstrate that 
the system provides accurate information to the athlete.  
 
METHOD: The scenario is depicted in Figure 1. Motion data was recorded by two means: (a) 
a spring loaded position transducer (ground truth) and (b) a wireless accelerometer linked to 
a Bluetooth enabled mobile phone. The three-axial accelerometer was part of a battery driv-
en six degree of freedom inertial measurement unit (6-DOF IMU Version 4, Sparkfun, Boul-
der (CO) USA). The accelerometer data was transmitted wirelessly using the Bluetooth SPP 
protocol to the mobile phone. Dedicated software written in Java (J2ME) on this phone (Sony 
Ericsson i650, Sweden) received the data, computed VD and stored the data on the phone’s 
internal memory in real-time. 

instrumented with solenoid valves to enable specific, computer controlled test protocols. 
Load cells will enable force measurement when the device is used in the field. The 
advantages of the proposed work include court friction assessment from a player-surface 
perspective, enhancing the ecological validity and applicability of measurements. However, 
current work is in its infancy and, due to development simplifications, will only address 
player-surface interactions using dichotomised forehand groundstroke data. 
 
CONCLUSION: Presented work is currently in progress. The envisaged use of the shoe-
surface testing device is to systematically measure shoe-surface interactions from a player-
surface perspective. Current work contributes to the understanding of tennis player-surface 
interactions and is envisaged to be of practical use in the future regulation of tennis courts. 
Future work should explore different tennis manoeuvres and shoe-surface combinations. 
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