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Abstract 

 

In recent years, there has been a growing interest in using Micro Electro 

Mechanical Systems or MEMS inertial sensors (accelerometers and gyroscopes) 

in monitoring the performance of athletes. Although it is in experimental stage, 

the main features of the MEMS technology including miniaturized, light, 

inexpensive, real time environment monitoring, close to real time feedback were 

appealing for athletes, coaches, sports scientistic and engineers. The use of the 

MEMS inertial sensors gained popularity due to the ability to measure the linear 

and rotational movement of the body segments without hindering the performance 

of athletes in many sporting activities including swimming, golf, soccer and 

cricket. 

 This thesis investigates the feasibility of using wearable inertial sensors to 

monitor and assess the tennis players’ first serve. Suitable high rate gyroscopes 

were not developed at the time of the PhD candidature, therefore a novel 

technique to simulate the behaviour of gyroscopes (virtual gyroscopes) to measure 

the angular velocity of body segments was developed. This virtual gyroscope can 

be attached on any segment to measure the angular velocity of that segment. The 

virtual gyroscope proposed in this dissertation allows for extraction of simulated 

angular velocity data from virtually any point on an athlete’s body or equipment. 

The novel one-dimensional virtual gyroscope can also measure angular velocities 

of any range, as opposed to real gyroscope sensors which suffer from limited 

measurement range. 

This novel technique was applied to measure the upper arm internal rotation 

(one of the main contributors of the tennis serve with approximately 54% 
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contribution) of athletes during the first tennis serve. Wrist flexion and shoulder 

rotation contribute approximately 31% and 10% respectively, were also measured 

using common vector based techniques. The results were verified against the real 

gyroscope and found to have a relationship and follow the same trends ((r = 

0.9470, p < 0.0001), (r = 0.98914, p < 0.0001), (r = 0.8734, p < 0.0001) for the 

upper arm internal rotation, wrist flexion and shoulder rotation respectively).  

Additionally, the use of accelerometers to detect the kinematic chain and 

virtual gyroscopes to assess the players from different skill levels was 

investigated.  The peak values of the upper arm internal rotation, wrist flexion, 

and shoulder rotation just before impact were measured and used to categorize 

athletes in different levels from amateur to elite. It was shown that all the three 

parameters as well as the racquet head speed increased as the level of proficiency 

of the subjects increased. A line ( 89.02 R ) was fit to the scatter data containing 

the upper arm internal rotation, wrist flexion, and racquet head speed. The fit line 

is a function of upper arm rotation and wrist flexion. It was shown that the fit line 

can be used as a potential skill improvement tool to provide feedback on which 

variables (upper arm internal rotation, wrist flexion or shoulder rotation) needed 

to be improved. Therefore, it is envisaged that gyroscope sensors could be used 

for skill assessment and skill improvement for a first tennis serve. These results 

have great potential benefit for athletes to use non-invasive wearable inertial 

sensors to monitor and enhance their performance during training sessions on the 

tennis court.  
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Chapter 1  

Sporting activities are now playing a greater role in promoting a healthier 

mind and body. Tennis is one of the most popular sports and is played by millions 

of people around the world. According to their website, the International Tennis 

Federation has 144 full member nations, from Algeria to Zambia [1].  Tennis is 

played at all levels by a diverse cross-section of society. It is played at both social 

and professional (elite) level and encompasses tournaments based upon ability, 

age, gender, and disability. Tennis is a fast, competitive game which requires a 

great deal of skill from the athlete whether it is in serving, or in hitting ground 

strokes. Since the game relies heavily on the skill of the athlete to defeat the 

opponent, players at all levels are often keen to improve their skills.  

At the social level, players want to improve their skills to gain more 

enjoyment from their games. At the professional level, athletes want to win prize 

money (for example, $AUD 2.1 million for the 2010 Australian Open 

Championship [2]) and a significant number of ranking points in the major 

tournaments such as Grand Slams. An improvement in the skill of the professional 

athlete can improve their world ranking as well as their income and personal and 

national prestige.  

Introduction 
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In order for the player to improve their skills they need to monitor and analyse 

all aspects of their game. Such information is important because it has the 

potential to provide insight into physical activity levels associated with 

performance, as well as the techniques involved in the activity.  Observation by an 

expert person, such as a coach, is a popular way to assess a player’s performance. 

However, there are two disadvantages associated with this subjective method. 

Firstly, different coaches could have slightly different ideas based upon their own 

experiences. Secondly, the human eye cannot always capture the fast motions 

performed during a tennis action. Therefore, there is a need for more objective 

methods for improving skill, and technology offers reliable tools for quantitative 

assessment. Today, the performance of many elite tennis players has been 

monitored and analysed by using objective measurement systems as an aid to 

counteract these problems [3].  

Two different and popular monitoring methods for high speed motions are 

video analysis (videography) and digital optical analysis. Video analysis enables 

an experiment to be carried out both inside a laboratory and on the tennis court. 

However, digital optical analysis can only be carried out inside the laboratory. 

Both approaches rely on placing markers on the area of interest with the position 

and motion of the markers recorded [4-7]. These systems have been used to 

monitor the performance of athletes for many years. However, these systems are 

quite expensive and a considerable amount of setup time (camera positioning, 

alignment and calibration) is often required prior to conducting the experiment. In 

some circumstances, post processing may be required to clean the signals or to 

interpolate gaps due to markers of interest being hidden. 
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 The development of methods that provide meaningful information about 

athletic performance on the court in the playing environment have the potential to 

significantly assist in improving skills. By taking advantage of the advancement in 

micro-electronics and other micro-technologies, it is possible to build 

inexpensive, miniaturized, light weight, and non-invasive instruments to monitor 

the performance of athletes in a number of sporting activities [8]. Within many 

sports applications, the sensors are now used to measure and classify activity and 

effort levels [9-13]. 

1.1 Research Topic 

Studying the biomechanics of different sports, and in particular tennis, has 

been a popular avenue of research for many years [14-24]. Kinetic, kinematic and 

many more aspects of tennis strokes have all been thoroughly researched to 

understand the biomechanics of the tennis swings to provide quantitative and 

objective assessments [14-24]. Technologies including the videography and 

optical marker based systems have been used to monitor and analyse the tennis 

serves as well as the ground stokes. Among all the tennis strokes, the large body 

of research focuses on understanding the biomechanics of the tennis serve, both 

the first serve and the second serve, as the serve is the most important stoke that 

can dominate the game at elite levels [4]. Research shows that upper arm internal 

rotation, wrist flexion and shoulder rotation are among the major contributors to 

the generation of a powerful first serve by approximately 54%, 31% and 10% 

contributions respectively [7]. 

MEMs inertial sensor technology has become more popular and has recently 

been used for skill monitoring and assessment. This shows the potential of using 
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the MEMS technology to monitor sporting activities. However, the use of this 

technology to monitor and analyse the first tennis serve has not yet been 

investigated. At the time of candidature, the miniaturized high rate gyroscopes 

were not developed so the fast rotational movements of athletes segments could 

not be captured easily. In particular, the main contributors to the tennis serve prior 

to impact could not be measured since they are all rotational movements. 

Therefore, a technique to simulate the behaviour of a MEMS gyroscope was 

required to investigate the possibility of using the MEMS gyroscopes to monitor 

and assess a player during the serve action. 

The main focus of this research is to examine the feasibility of using the 

wearable inertial sensors to monitor the motion of the tennis serve. Due to the 

drawbacks of the available inertial sensors (gyroscopes), novel methods were 

formulated to simulate the behaviour of a gyroscope sensor. This led to the 

development of a new method (virtual gyroscope) of monitoring and analysing the 

performance of tennis players during the serve action using 3D vector based 

mathematics.  This analysis method produced several measures which could be 

used to assess the performance of athletes with different levels of proficiency. 

One novel application of this analysis method provided a means of reliably 

calculating the rotation of any segment of a body by using three marker positions. 

This technique can also be used in other sporting activities to determine rotations 

and provide feedback. 
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1.2 Publications 

The work undertaken in this thesis led to two peer reviewed journal articles, 

one book chapter and three conference publications. Publications are presented in 

Appendix A. 

Journal Articles 

 A. Ahmadi, D. Rowlands, and D. James, Towards a wearable device for 

skill assessment and skill acquisition of a tennis player during the first 

serve, Journal of Sports Technology (accepted in November 2009). 

 A. Ahmadi, D. Rowlands, and D. James, Development of inertial and 

novel marker-based techniques and analysis for upper arm rotational 

velocity measurements in tennis. Journal of Sports Engineering 2009 

(accepted in May 2010). 

Book Chapter 

 A. Ahmadi, D. Rowlands, and D. James, Technology to monitor and 

enhance the performance of a tennis player, in Digital Sport for 

Performance Enhancement and Competitive Evolution: Intelligent Gaming 

Technology, N. Pope, K. Kuhn, and J. Forster, Editors. 2009, Information 

Science Reference: USA. p. 101-121. 

Conferences 

 A. Ahmadi, D. Rowlands, and D. James, “Investigating the translational 

and rotational motion of the swing using accelerometers for athlete skill 

assessment”, The Proceedings of the 5th International IEEE Sensors 

Conference, Daegu, Korea, 22-25 Oct 2006. p. 980-983. 
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 A. Ahmadi, D. Rowlands, and D. James, “Investigating the open kinematic 

model for tennis swing using networked sensors”, The 17th National 

Australia Institute of Physics (AIP), Brisbane, Australia, 3-8 Dec 2006. 

 A. Ahmadi, D. Rowlands, and D. James, “Deriving upper arm rotation 

from Vicon to enhance the first serve in tennis”, The 8th Asics Conference 

of Science and Medicine in Sport, Hamilton Island, Australia, 16-18 Oct 

2008 (achieved an award in the Performance Enhancement and Basic 

Science category).  

1.3 Thesis Outline 

The significance of this field of research was explained earlier in this chapter. 

The theory and methods behind the practice and research in this field include the 

technology review, biomechanics of the serve, developing a novel gyroscope 

sensor and the application of the technology. These are presented in the following 

chapters.   

The first section of Chapter 2 introduces three current technologies to monitor 

the biomechanics of tennis players. These include videography, digital optical 

systems and the MEMS inertial sensors, with emphasis on the latter. The 

methodology of using the first two technologies is covered in the chapter. Since 

the focus of the thesis is on the use of MEMS inertial sensors to monitor the tennis 

serve, the principle operation of the MEMS inertial sensors (including the 

accelerometers and gyroscopes) are discussed to give the reader a greater 

understanding of the technology. A comparison of these technologies is provided 

at the end of the chapter.  
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The second section of the chapter provides an introduction to sports 

biomechanics, specifically the biomechanical principles of the tennis serve. It also 

presents the mathematical analysis tools required to examine the biomechanics 

including the Euler angles, singular value decomposition techniques and the 

Pearson’s correlation test. 

In Chapter 3, the development of a novel Marker Based Virtual Gyroscope 

(MBVG) method to detect a solid body segment rotation is discussed. This 

method uses the position of three markers (that are not placed in a straight line) to 

define a plane and then uses vector based mathematics and a series of geometrical 

transformation techniques.  

This chapter also contains an experimental section. In this section, the validity 

of the developed novel technique is verified against a real gyroscope sensor 

through a pendulum test as well as through a set of upper arm rotation 

movements. A technique to calibrate gyroscope sensors is also shown along with 

a correction surface to minimize the error due to shoulder joint movement and 

skin stretch. 

Chapter 4 describes the methodology used to compare the developed novel 

marker based techniques and the gyroscope sensors during the tennis serve action. 

In this chapter, the angular velocity of the main contributors of the tennis serve 

(upper arm internal rotation, wrist flexion and shoulder rotation) are calculated 

using the developed methods and compared with the outputs of three gyroscope 

sensors attached on the upper arm, chest and hand of a tennis player. A 

synchronization technique between the sensors and the optical system is also 

presented. 
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Chapter 5 outlines the use of accelerometers and gyroscopes as a tool for skill 

assessment. Kinematic chain and skill difference is shown using the 

accelerometers. The use of gyroscope sensors to assess the players based upon the 

angular velocity of the peak values of their main contributors to the serve is also 

presented. This chapter also introduces the concept of a line of improvement as a 

potential tool for skill improvement. The line is a function of the upper arm 

internal rotation, wrist flexion and shoulder rotation values. 

Chapter 6 presents a summary and review of the work and results presented in 

this thesis. It outlines future research that can be undertaken to improve the 

methods and results of this study.   
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Chapter 2  

Technological development has contributed to an increase in research into 

sports biomechanics. For instance, developments in digital video cameras, fast 

processing computers, force measurement platforms, optical monitoring systems 

and miniaturized MEMS inertial sensors have made it easier to study human 

movement in various sporting activities.  

This chapter reviews some of the available technologies to monitor the 

performance of a tennis player, and examines the biomechanics of the serve.  

The chapter is divided into two main sections. The first section reviews the 

available technologies including video systems (videography), digital optical 

systems and the MEMS inertial sensors (accelerometers and gyroscopes). There 

are many companies providing digital video and digital optical monitoring 

systems. In this chapter the Vicon motion capture system is discussed to illustrate 

how the two technologies are used. This section also describes the common 

architecture of video and digital optical systems along with the methodology used 

to collect data from athletes. The remainder of this section outlines the principle 

operations of the MEMS accelerometers and gyroscopes. The MEMS technology 

Available Technologies and the 
Biomechanics of the Tennis 
Serve  
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is discussed in more detail since the thesis is based upon the use of MEMS inertial 

sensors to monitor the performance of a tennis player during a serve action. 

The second section of the chapter reviews the biomechanics of the tennis 

serve. It also introduces the mathematical analysis and statistical tools that were 

used, including Euler angles, the singular value decomposition (SVD) technique, 

Pearson’s correlation and significance difference tests. 

2.1 Technologies 

This section details the three commonly used technologies to monitor athletes, 

including video camera systems, digital optical systems and MEMS inertial 

sensors. 

2.1.1 Video Camera Systems 

One way to conduct in-situ monitoring is to use a videography system which 

relies upon the use of video cameras. One of the benefits of video systems is that 

they can be used outside the laboratory. This becomes important because some 

activities (such as those underwater or performed outdoors during training or 

competition) cannot be monitored in the laboratory.  

A common practical video system from the Vicon Motus Video System to 

record 3D coordinate data using cameras is shown in Figure 2-1. The system 

includes a number of digital cameras, a Personal Computer (PC) to receive and 

analyse the data, a Remote Video Synchronization Unit (RVSU) to synchronize 

the cameras together through the Ultra High Frequency (UHF) 

transmitter/receiver units attached to the cameras and the RVSU, and a trigger. 

The data can be collected in the field outside the laboratory and can be analysed in 

the laboratory. Therefore, there is no need to bring the PCs into the field. 
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Figure  2-1. A practical video system configuration [1] 

 

Digital video cameras can be categorized as either standard digital video 

cameras or high speed digital video cameras. The nature of each activity to be 

monitored determines whether a digital camera or a high speed digital camera is 

required. Some digital cameras have a capture speed of between 25 fps (frames 

per second) to 200 fps at a full resolution of 720 (Horizontal) x 576 (Vertical) for 

standard definition cameras. For high definition digital video cameras full 

resolution can be as high as 1920 (Horizontal) x 1080 (Vertical). Therefore, if the 

frequency of the desired movement is not more than 200 Hz, digital cameras can 

be suitable for monitoring movement. High speed sequences must be recorded 

with high speed digital cameras. Most of the cameras in this category are capable 

of recording 1000 fps in full resolution, which is approximately 1280 (Horizontal) 
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x 1024 (Vertical) pixels. By reducing the resolution, some high speed cameras can 

achieve a capture speed of up to 675000 fps.  

2.1.1.1 Digital Video System Methodology 

Video systems have been used to capture athletes and analyse their 

performance since the 1970s. The following section presents a methodology that 

summarises the process of using and analysing data from video systems, 

specifically the Vicon Motus Digital system. While different commercial systems 

might use slightly different methodologies to process motion, they will follow the 

same general method. This method is shown in the following diagram. 

Setting up and 
Calibration

Preparing the 
Subject

Recording the 
Video

Capturing the 
Coordinates

Analysing and 
Presenting

 

Figure  2-2. The required steps in using video systems 
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It is possible to compute 2D coordinates from one camera only and compute 

3D coordinates from two or more cameras. Contrast markers must be attached to 

the area of interest on the subject and tracked from the video images by using 

video tracking software. If it is not possible to attach the markers, data can be 

collected first and manually digitized.  

For instance, some researchers have studied the arm segment 

motions/rotations during a typical arm-swing action in badminton, tennis and 

squash respectively [2-5]. Other two-dimensional (2D) and three-dimensional 

(3D) tennis serve analyses have been done by other researchers using video 

systems [6-18].  

The integration of a high-speed video camera with motion analysis software 

makes possible a wide range of measurement applications. The following example 

from the literature [19] explains how the described methods can be applied to 

measure the performance of tennis players. 

In this example, the researchers were trying to identify the contributions of 

joint rotations to racquet speed in the tennis serve. The locations of all the body 

landmarks were digitized manually in each frame. All frames between the 

maximum knee flexion and impact time were digitized. As the cameras were not 

completely synchronized, it was necessary to establish correspondence between 

the frames of all three cameras by using the methods of Pourcelot [20]. In 

addition, the quintic spline functions developed by Woltring [21] were used to fit 

the data from each camera. For instance, intermediate values between frames were 

interpolated using the quintic spline functions of the cameras. Finally, the direct 

linear transformation (DLT) method developed by Abdel-Aziz and Karara [22] 
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and Walton [23] was utilized to compute the 3D coordinates of the landmarks 

from the digitized data. 

2.1.2 Digital Optical Systems 

A digital optical system approach is based upon capturing the reflective 

markers. In a digital optical system the markers are illuminated by Visible Red 

(VR), Near Infrared (NIR), and Infrared (IR) light from strobe units.  

In order to better understand digital optical systems, the Vicon motion capture 

system has been chosen to describe the system in more detail. A common 

hardware setup for a Vicon system with more than eight MX cameras is illustrated 

in Figure 2-3. 

 

 

Figure  2-3. Vicon MX architecture comprising of 40 cameras and 5 MX Ultranet 

units [24] 
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As shown in Figure 2-3, the main hardware components of the Vicon motion 

system are MX cameras and MX Ultranet units. 

The function of the Ultranet unit is to provide power, synchronization and 

communications for up to eight MX cameras connected to one Ultranet unit. 

There are different varieties of MX cameras with different types of lenses and 

sensors to create a range of cameras with different resolutions from 0.3 to 4 

megapixels. The firmware of each MX camera is programmed to control the 

operation of the camera and to perform onboard grayscale processing. MX 

cameras operate based upon the grayscale technique, rather than evaluating the 

image, by applying the black and white threshold to provide more information and 

increase motion measurement accuracy [24]. The MX cameras perform most of 

the data processing. This includes generating the grayscale blobs for reflections 

from the objects in the volume of interest and using centroid-fitting algorithms to 

determine the markers from other reflective objects. If the circularity of the 

grayscale blob is equal to or greater than the threshold, the camera fits a circle 

with a horizontal and vertical radius around the centroid (otherwise it is regarded 

as malformed and the camera does not calculate the centroid for it). This can be 

due to partial occlusion, merging with other markers, or reflections from other 

objects that are not spherical markers.    

2.1.2.1 Digital Optical System Methodology 

The methodology used to operate the Vicon optical motion capture system is 

illustrated in the following diagram. 
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Figure  2-4. The required steps in using the optical Vicon motion capture system 

 

Choosing or designing an appropriate model is the first step of the analysis. 

Each manufacturer of the equipment typically supplies a biomechanical modelling 

script, which allows the user to define some properties such as joint centres and 

orientations etc. This script is known as the model and there are normally different 

models supplied for different types of monitoring. The model relies on markers in 

set positions on the body to work properly.  Note that the user may need to adapt 

an existing model or even create a new model depending upon the motion of 

interest. Figure 2-5 shows the marker placements as defined in a typical Plug-in 

Gait model.  
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Figure  2-5. Marker placement on the subject’s body and racquet 

 

The purpose the Dynamic Calibration process, is to calculate internal (focal 

length and image distortion) and external (position and orientation) camera 

parameters. The better the system is calibrated, the more accurately the system 

can calculate marker positions during data collection trials.  The next stage is the 

Static Calibration stage, which defines the global coordinate system. Preparing the 

subject can be done by two different approaches: 

1. Attaching the markers straight on to a person’s skin or clothes and 

recording the 3D marker positions.  

2. Wearing a suit with the markers already attached to it. 

An example of a dynamic trial of a person performing a tennis serve is shown 

in Figure 2-6. 
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Figure  2-6. One captured frame using the Vicon system of a person performing a 

tennis serve. 

 

A quintic spline filter (named after its code writer, Herman Woltring) is 

applied to the marker trajectory data. According to the Woltring filter, for large 

datasets (N >> 0) and negligible boundary artefacts, the behaviour of a natural 

spline approximates that of a periodic spline. For the latter case, the frequency 

characteristic in the equidistantly sampled, uniformly weighted case is that of a 

double, phase-symmetric Butterworth filter, with transfer function  
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where 

   :  is the frequency  

0  =  
)/5.0()( MTp   , is the filter's cut-off frequency  

p: is the smoothing parameter 

T: is the sampling interval 

2M: is the order of the spline   
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2.1.3 MEMS Inertial Sensors 

MEMS is a term used by R. Howe [25] and others to describe emerging fields 

of mechanical elements and microelectronic circuits. MEMS technology offers 

advantages such as miniaturization, integration and development of new tiny 

devices [26, 27]. MEMS inertial sensors are groups of sensors which are being 

used in many applications [28-35].  

Improvements in microelectronic and other micro technologies make it 

possible to use miniaturized (approximately 5 mm   5 mm   2 mm), light 

(approximately 0.6 grams), inexpensive (from less than $10  to $50 dollars) 

inertial sensors (including accelerometers and gyroscopes) to capture and analyse 

the movements of athletes during many sporting activities. For instance, 

acceleration sensor technology and gyroscope sensors have been used for: 

 analysis of the kinetic processes of a golfer’s lateral swing [36] 

 stroke analysis and recognition in swimming [37, 38] 

 analysis of the characteristics of the swing of the classical Japanese 

swordsmanship [39] 

 feature extraction of performance variables in elite half-pipe 

snowboarding  [40]; and 

 analysis of bowler action in cricket [34] 

Within many sporting applications, the sensors are now used to measure and 

classify activity and effort levels [40-42]. For instance, inertial sensors were 

employed to distinguish between amateur and sub-elite tennis players during the 

first serve [43].  
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2.1.3.1 MEMS Accelerometers 

An accelerometer is a sensing element that measures acceleration (the rate of 

change of velocity with respect to time). It is a vector that has magnitude and 

direction.  

Accelerometers are one of the highest selling MEMS products. Some 

examples of accelerometer applications are listed below: 

 Determining an accident and deploying the airbag system in vehicles [44, 

45]. 

 Detecting tilt and acting as system stabilizers in vehicles [46, 47]. 

 Detecting the motion of a player in many game consoles [48]. 

 Detecting gesture-based interaction on mobile phones [49] . 

 Stabilising images and anti blur capturing in cameras [50]. 

 Detecting the free fall to protect against hard drive damage in some laptop 

computers [51]. 

 Monitoring and enhancing the performance of athletes during training 

sessions [40, 41, 43]. 

Different accelerometers are suitable for different applications. Some of the 

specifications to consider when choosing an accelerometer are listed below: 

1. Dynamic range: Dynamic range refers to the maximum amplitude the 

accelerometer can measure before getting clipped or saturated. It is usually 

specified by g’s.  

2. Frequency response: Frequency response refers to the frequency in which 

the accelerometer sensor can detect the motion and generate the correct 

output. Different sporting activities need sensors with different frequency 
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responses. In general, the faster the motion, the higher the necessary 

frequency response. 

3. Size and mass: The size and mass of an accelerometer should be 

significantly smaller than the subject or the system being monitored since 

mounting large and heavy accelerometers can result in inaccurate outputs. 

4. Sensitivity: Sensitivity refers to the scale factor of a sensor or system, 

measured in terms of change in output signal per change in input signal. 

Sensitivity is usually specified in ( gmV / ).  

5. Sensitivity axis: Sensitivity axis refers to the number of directions (1D, 

2D or 3D in space) in which the accelerometer can measure acceleration.  

Principal Operation of Accelerometers 

Although many types of MEMS accelerometers have been developed 

including capacitive, piezoelectric and piezoresistive, tunnelling and thermal, the 

vast majority have a common operational principle [52]. In these sensors, the 

mechanical sensing element consists of a proof mass that is attached by a 

mechanical suspension system, such as a flexible spring, to a reference frame. In 

order to reduce the vibration, dampeners such as gas or liquid are used inside the 

package. This dampening is shown by the   dashpot. The accelerometer 

structure is illustrated in Figure 2-7. 
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Figure  2-7. The basic structure of an accelerometer consisting of a proof mass, 

spring and a dampener inside a frame 

 

The fixed frame displacement relative to proof mass is sensitive to external 

acceleration, which in turn changes the internal stress in the suspension spring. 

These two values can be used to measure the external acceleration using Newton’s 

second law and the accelerometer model to obtain the mechanical transfer 

function: 
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where 

a: is the external acceleration to be measured 

x:is the proof mass displacement from its rest position with respect to the 

reference frame 

m: is the proof mass 

d: is the dampening coefficient 

k: is the spring constant 

Q: is the quality factor 
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n : is the natural resonant frequency 

s: is the Laplace operator 

2.1.3.2 MEMS Gyroscopes 

A gyroscope is a sensing element that measures the rate of angular velocity. 

Angular velocity is a vector that has magnitude and direction. MEMS gyroscopes 

replaced the conventional gyroscopes in different applications [53]. Their 

application can be categorized into five main categories [54].  

1. Automotive:  

 Vehicle stability control using MEMS gyroscopes [55, 56]. 

 Method and system for wheel lift identification and roll over 

detection for automotive vehicles [57, 58]. 

 Method and apparatus for determining routes in a vehicle 

navigation system [59, 60]. 

2. Consumers:  

 A Wearable Sensor For A Playground Style Electronic Game [61]. 

 Game machine controller for operating a character who carries out 

various movements on a display screen [62]. 

 Using gyroscopes for efficient video coding/encoding on hand 

held computer devices [50, 63]. 
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3. Industrial:  

 Inertial navigation and position estimation of mobile robots [64-

66]. 

 Design and real-time implementation of a multivariable gyro-

mirror line-of-sight stabilization platform [67]. 

 Gyro-Stabilized platforms for Force-Feedback Applications [68]. 

4. Aerospace/military:  

 Avionics system for aggressive manoeuvres using gyroscopes 

[69]. 

 Design and applications of an avionics system for a miniature 

acrobatic helicopter [70]. 

 Design and implementation of antenna stabilization system [71]. 

5. Sports monitoring:  

 Development of a swimming motion display system for athlete 

swimmers’ training using a wristwatch-style inertial sensor device 

[72]. 

 Visualization and motion analysis of swimming using gyroscopes 

[73]. 

 Evaluation of motion capture systems for Golf Swings using 

gyroscopes [74]. 

 Validation of accelerometers and gyroscopes to provide real-time 

kinematic data for golf analysis [75]. 
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Like accelerometers, parameters including full scale range, sensitivity, size 

and mass, and axis sensitivity are among the main features to consider when 

choosing a gyroscope.  

Principal Operation of Gyroscopes 

Many types of MEMS gyroscopes, including tuning-fork gyroscopes, 

vibrating wheel gyroscopes, and wine glass resonator gyroscopes, are developed. 

However, they are all based upon the transfer of energy between two vibration 

modes of a structure caused by Coriolis acceleration. Coriolis acceleration is the 

rate of increase of tangential speed, caused by radial velocity.  

 Vibratory gyroscopes generate Coriolis acceleration by angular rotation of a 

vibrating silicon MEMS structure [54]. A change in a direction around one axis of 

a driving transducer can cause a vibration in a detection transducer on another 

axis.  

In general, an apparent Coriolis acceleration can be expressed by the following 

equations: 

 Vac 2                                                                                                        (2-3) 

and therefore 

 mVFc 2                                                                                                     (2-4) 

where 

ca : is the Coriolis acceleration 

cF : is the Coriolis force 

V : is the velocity of the bar 

 : is the angular velocity of the rotating axes relative to the fixed set of axis 

m : is the mass of the structure 
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It is apparent from equation (2-4) that the Coriolis force is proportional to the

 . As shown in equations (2-3) and (2-4), the direction of the resultant force is 

perpendicular to both the rotation and the velocity. This Coriolis force can be 

converted to a voltage by a circuitry. Since the mass of the structure and the 

velocity of the bar are known, the angular velocity can be extracted. 

MEMS gyroscopes take advantage of the Coriolis effect by using a resonating 

mass. The mass is micromachined from polysilicon and is tied to the polysilicon 

frame. To measure the Coriolis acceleration, the frame containing the resonating 

mass is tied to the substrate by springs at 90 degrees relative to the resonating 

motion, as shown in Figure 2-8a. As it is shown in Figure 2-8a, the Coriolis sense 

fingers are used to capacitively sense displacement of the inner frame caused by 

the force generated by the mass. Assuming the stiffness of the springs is K, the 

resulting displacement from the reaction force will be 2ΩVM/K [76]. 
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(a) 

 

(b) 

Figure  2-8. (a) Schematic of the gyros mechanical structure. (b)The frame and the 

resonating mass are displaced laterally in response to the Coriolis effect. The 

displacement is determined from the change in capacitance between the Corilolis 

sense fingers on the frame and those attached on the substrate [76].  

 

Figure 2-8b demonstrates that the resonating mass moves and hence the 

surface to which the gyroscope is mounted rotates. Therefore, the mass and its 

frame experience the Coriolis acceleration and are translated 90 degrees from the 

vibratory movement. As the rate of rotation increases, the displacement of the 

mass increases as well and the signal from the corresponding capacitance will 

change. 
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2.1.4 Comparison of Technologies 

Table 2-1 summarizes and compares the three technologies discussed in this 

section. The relative advantages, disadvantages, and cost factors are given for 

video cameras, optical systems, and inertial sensors. The table was developed with 

respect to sport performance monitoring. 

As shown in the table, each technology has its own advantages and 

disadvantages. Although videography and digital optical systems are commonly 

used methods to capture motion, and inertial sensors are still experimental, the 

latter technology is gaining popularity due to the following features: 

1. Small and light weight: the sensors can be attached to any part or 

segment of the body without hindering performance. 

2. Lower complexity solution: with minimal setup time required, the 

sensors can be easily attached to the body to collect data. 

3. Inexpensive: MEMS inertial sensors are much less expensive than the 

other technologies. 

4. Real-time feedback: the results of the experiment can be available as 

soon as the experiment is completed or while the experiment is being 

performed if wireless technologies are also employed. 

5. Real environment: the inertial sensors can be used to monitor 

athletes in their sporting environment rather than in the laboratory, 

which can provide more information on performance.  

Sports monitoring and analysis using inertial sensors is becoming an area of 

increasing interest and importance. This research investigates the use of inertial 

sensors, including accelerometers and gyroscopes, to measure the main 

contributors to the tennis serve. 
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Table  2-1. Advantages and disadvantages of using technologies in tennis 

(modified from [77]) 

Technology Pro Con 
 
 
 
 
 
 
Digital Video 
Systems 

 Well known and accepted 
system 

 Real-time environment 
monitoring 

 No markers or light, non 
invasive markers  

 Real-time biomechanical 
feedback including  joint angles 
and forces 

 High resolution cameras 
(usually between 1-4 
megapixels) [55] 

 High frame rate (up to 1000000 
fps at reduced resolution) [55] 

 

 Expensive system (each 
camera can cost up to 
$100,000K depending on 
the required resolution and 
frequency and other 
software and hardware) 

 Required setup time 
including camera setup, 
calibration and subject 
preparation 

 Post processing needed to 
capture the coordinates 

 

 
 
 
 
 
 
 
 
Digital Optical 
Systems 

 Well known and accepted 
system 

 High resolution cameras 
(usually between 1 to 16 
megapixels) [1] 

 High frame rate (up to 2000 
fps at reduced resolution) 

 Light and non-invasive 
markers (less than 10 grams) 

 Benefit from already 
developed models (Plug-in 
Gait, UWA, etc) to extract 
kinetic and kinematic 
parameters 

 Equipped with powerful 
software (Nexus, polygon) 
for data manipulation and 
presentation 

 Expensive system (each 
camera can cost ~$US 20K 
along with the cost of other 
required software and 
hardware) 

 Laboratory based 
 Required setup time 

including camera setup, 
calibration and subject 
preparation 

 Post processing might be 
needed (labelling, gap 
filling, etc) 

 Preferably more than one 
person is needed to run the 
lab  

 
 
 
 
 
 
 
Inertial Sensors 

 Inexpensive system 
(approximately between $3 - 
$50 for each sensor) 

 Real environment monitoring 
 Close to real-time feedback 

using wireless data transfer 
method 

 Easy to use, can be run by an 
athlete  

 Miniaturized, light and non- 
invasive system (it can be as 
small as 30   20   10 mm and 
as light as 50 grams) 

 

 Experimental system 
 In the absence of wireless 

communication, a recorder 
must be attached to the 
sensor system and there 
may be some issues with 
cabling from sensor to 
recorder 

 Power from batteries 
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2.2 Biomechanical Principles 

This section details the biomechanical principles and mathematical and 

statistical tools used to analyse the tennis serve.  

2.2.1 Biomechanics 

Biomechanics is a branch of mechanics focused on the human body which is 

based upon fundamental disciplines in physics and life science [79].  It started to 

become popular in the 1960s [80]. Etienne Jules Marey was one of the pioneers to 

describe the use of devices such as video cameras and pressure sensing devices to 

measure human activities [81]. Today, people from different backgrounds 

including anatomists, orthopaedists, biomedical engineers, physical therapists and 

coaches are all interested in biomechanics to improve human movements [82, 83]. 

The application of biomechanics can be different for different people, however 

there are some basic laws common for all. Sports biomechanics focuses on how 

the human creates a wide range of motions during a sporting activity [80].      

The biomechanics of the tennis game has been presented in the literature and 

this chapter will discuss the biomechanics of the first and second serve. According 

to Bahamonde [6], the serve is the most important and critical stroke in tennis. 

The serve is used to begin play and is the principal weapon of some players. It is 

known that fast serves can dominate the game at the elite levels [84, 85]. 

Therefore, for a player to be successful in a tennis match, they must fully master 

the serve, as it is the only stroke over which a player has full control.  It is also the 

most difficult stroke to master because it involves many complicated motions 

which need to happen at exactly the right time [6]. Many high-level tennis players 

use a fast, powerful serve as their first serve, which imparts maximum velocity to 
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the ball with minimal top or side spin. The higher the velocity of the serve the 

more probable it is to win the point [86]. However, there is also a greater risk of 

error. If the first serve fails, most high-level players will use the slice serve as 

their second service. This imparts lower velocity to the ball but gives it more spin.  

The first serve is the main focus of this thesis due to the following factors: 

 It is the most important stroke in tennis. 

 It starts from the known initial condition and position so can be 

measured easily. 

 It minimises interference because it is a single player activity. 

 The biomechanics of the first serve have been well studied and 

understood. 

A good understanding of the biomechanics of a player’s game is essential in 

improving the technical aspects of their game. In contrast, a lack of knowledge of 

the complex motions involved in the game can result in a poor performance.   

2.2.1.1 Biomechanics of the Tennis Serve 

The serve has been identified as a major contributor to game performance [6].  

It is a highly constrained motion from rest that limits external interaction and is 

therefore well suited to investigation. An understanding of the biomechanical 

principles of tennis serves is necessary in order to understand the segment motions 

of the service. 

It has been shown that racquet head speed contributes to the velocity of the 

serve, therefore it is important to examine the motions that contribute to racquet 

head velocity. The racquet head velocity is the endpoint result of the kinematic 

chain. The aim is to determine the linear racquet head velocity as a result of the 

kinematic chain. 
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 A simplified kinematic model can be used to describe the racquet head 

velocity of the racquet during the serve.  It can be broken down into the following 

three basic motions: [19] 

 Motion of the lower trunk relative to the ground 

 Motion of the upper trunk relative to the lower trunk 

 Motion of the arm segment (shoulder, elbow and wrist) relative to the 

upper trunk 

Upper trunk, lower trunk and arm segments are shown in Figure 2-9. 

 

Figure  2-9. Lower trunk, upper trunk, upper arm, and mid hip of a subject as well 

as the racquet face centre 

 

Each of these motions contributes a velocity component to the racquet head 

linear velocity. The racquet face centre linear velocity (VRFC) can be defined as 

the sum of six factors [19]: 

VRFC = VMH + V ω UT/LT + VSH/UT + V ω SH + V ω EL + V ω WR                           (2-5) 
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where 

VMH is the linear velocity of the mid-hip (MH) 

V ω UT/LT is the twist angular velocity of the upper trunk (UT) relative to the lower 

trunk (LT) 

VSH/UT is the linear velocity of the shoulder joint (SH) relative to the upper trunk 

(UT) 

ω SH , ω EL and ω WR  are the angular velocities at the shoulder (SH), elbow (EL) 

and wrist (WR) joints respectively. 

The angular velocity of the lower trunk relative to the ground is given by 

V ωLT =  V ωLT-X + V ωLT-Y + V ωLT-Z  

                = ( ωLT-X  × rRFC/MH) +( ωLT-Y  × rRFC/MH) +( ωLT-Z  × rRFC/MH)             (2-6) 

 The twist angular velocity of the upper trunk relative to the lower trunk is 

given by 

V ω UT/LT= V ω UT/LT-Z = (V ω UT/LTz × rRFC/MH)                                             (2-7) 

The angular velocities at the shoulder, elbow and wrist joints are given by the 

following 

V ω SH = V ω SH-X + V ω SH-Y+ V ω SH-Z 

      = (ωSH-X × rRFC/SH) + (ωSH-Y × rRFC/SH) +(ωSH-Z × rRFC/SH)                        (2-8) 

V ω EL = V ω EL-X + V ω EL-Y+ V ω EL-Z 

      = (ωEL-X × rRFC/EL) + (ωEL-Y × rRFC/EL) +(ωEL-Z × rRFC/EL)                         (2-9) 

V ω WR  = V ω WR-X + V ω WR-Y+ V ω WR-Z 

        = (ω WR -X × rRFC/ WR) + (ω WR -Y × rRFC/ WR) +(ω WR -Z × rRFC/ WR)        (2-10) 

where 

rRFC/MH, rRFC/SH,  rRFC/EL and rRFC/WR are vectors pointing from the mid-hip, 

shoulder, elbow and wrist to the racquet face centre respectively. In this model the 
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motion of the hitting upper arm relative to the ground was separated into motion 

of the lower trunk relative to the ground, motion of the upper trunk relative to the 

lower trunk and motion of the upper arm relative to the upper trunk.  

Some studies have been done which indicate that the pattern of the overarm 

swing motion during the serve is very similar to other sports such as badminton or 

baseball [2, 6, 9-12, 14, 16-18, 87-89]. However, the motion is constrained by the 

rules of tennis. It is possible to create different kinds of serves by adjusting the 

arm and racquet motion during impact with the ball. Later sections of this thesis 

will present coordination and energy transfer as methods of maximizing racquet 

speed during the serve stroke. 

Biomechanics of the First Serve 

According to Knudson [85], the first service is the serve intended to produce 

the greatest ball velocity with the least ball spin and hence it is also called the 

power serve. The aim of this serve is to maximize the tennis racquet head speed at 

impact time. Note that there are always topspin and side spin components in the 

serve due to the upward and sideward motions of the body during the serve. The 

first service is normally a flat powerful stroke where the ball is hit very close to 

the top of the net. However, the margin for error is very small so, as a result, the 

fault rate of the first serve is higher than that of the second serve. On the other 

hand, there is a chance to win the point by serving an ace on the first serve. It is 

worth remembering that the service is the only stroke in which the player has full 

control of the ball and the game [6]. 

The key concept in the tennis serve is to increase the racquet head speed 

through correct coordination and the correct transfer of energy. A high-speed, 

accurate serve requires a sequential coordination pattern involving many body 
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segments. This kinematic chain starts from the ground and moves to the legs, to 

the trunk, to the higher trunk and finally to the racquet arm [90]. In fact, energy 

transfers from the segments with larger muscles, such as the leg, to segments with 

smaller muscles such as the arm [85]. The approximate sequential order of the 

main contributors to racquet speed between the maximum knee flexion and final 

impact with the ball are listed below [19]: 

 shoulder external rotation 

 wrist extension (bent up) 

 twist rotation of the lower trunk 

 twist rotation of the upper trunk relative to the lower trunk 

 shoulder abduction 

 elbow extension 

 forearm rotation (pronation) 

 a second twist rotation of the upper trunk relative to the lower trunk 

 wrist flexion (bent down) 

It is now important to determine which factors contribute the most to 

increasing the racquet head speed during the serve. According to some studies, 

both the elbow extension and wrist flexion contributions are large [19]. However, 

other studies indicate that upper arm internal rotation, wrist flexion and shoulder 

rotation are important and have approximately 54%, 31% and 10% contribution 

respectively to the linear racquet head velocity [11, 15, 90]. The table below 

shows the contributions of the shoulder and upper limb segments to linear velocity 

speed at impact in the tennis serve. 
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Table  2-2. Contributions of the shoulder and upper limb segments to linear 

racquet head speed at impact in the tennis serve[15] 

Shoulder and 
Upper Limb 

Segment Movement

Mean Contribution 
(%) 

Shoulder  9.7 
Upper arm internal 
rotation  

54.2 

Upper arm 
horizontal flexion 
and abduction 

12.9 

Forearm pronation 5.2 

Forearm elbow 
extension 

-14.2  

Wrist flexion  30.6 
Wrist ulnar flexion 0.6 

 

It is very important to note that these approximate figures are related only to  

impact time during the serve and do not indicate the importance of trunk rotation 

and leg drive in the early stages [90]. Other segments can also contribute to 

positioning the body and there is also some sequencing of the hips, trunk and 

upper extremity joint actions in the serve. Regarding the classical sequential 

coordination, the correct sequence consists of pelvic rotation followed by trunk 

rotation after the weight shift. This is called the “differential rotation”. However, 

not all tennis players employ differential rotation. In addition, there are 

approximately seven degrees of freedom in the serve stroke which makes it quite 

complex to identify the sequence for every serve [85]. Therefore, players with 

different strengths and flexibilities in the trunk or shoulder might have slightly 

different sequences.  

In the serve, like most other strokes in tennis, leg drive against the ground 

produces the force to create a powerful stroke [90]. There are two main footwork 

techniques that tennis players employ to serve a ball. They are known as foot-up 
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(pinpoint) and foot-back (platform). Both techniques have a different effect on the 

direction and size of the created force to hit the serve. In the foot-up technique, 

the rear foot moves to the front foot during the toss phase of the serve. In contrast, 

the foot-back technique keeps the rear foot back from the front foot during the 

same phase. The foot-up technique is suitable for creating a fast serve with a 

considerable spin component, whereas the foot-back technique is more suitable 

for the serve-volley play due to the wider stance and hence a greater horizontal 

ground reaction. 

The main focus of the thesis is on the biomechanics of the first serve. 

However, the second service is also important and the biomechanics are discussed 

in the next section. 

Biomechanics of the Second Serve 

The second serve in tennis is usually either a slice or a twist serve employing 

spin at the sacrifice of speed [86, 91-93]. The slice serve is the combination of an 

angled racquet face and sideward racquet path during impact. This gives the ball 

side spin which causes it to curve leftwards and then skid leftwards when it 

bounces. What makes the twist serve different from the slice is its greater topspin 

which causes it to curve leftwards and then skid rightwards when it bounces. Both 

of these serves can be used to draw a player from his stationary position which in 

turn makes it harder for the player to return the ball or get back into position for 

the next shot. In elite tennis players, slice/twist serves may have ball speeds of 

between 70 to 80 per cent of the flat serve. The reason is that the racquet travels 

through a circular back swing to brush the ball on the side and top during impact. 

Although the ball speed decreases by around 20 to 30 percent, the racquet speed is 

almost 90 to 95 per cent of that during the flat serve [85]. This implies that a 



40 

 

combination of joint motions is used both before and during impact. Therefore, a 

“wrist flick” in a particular direction at the moment of impact to produce a 

slice/twist serve does not work.  

In contrast to the flat serve, very few studies focus on the timing and 

coordination of upper joints used to create the second serve. The most consistent 

difference between the flat and slice/twist serves is the racquet path through 

impact. The racquet path to the ball is 10 to 20 degrees to the right of the path for 

the flat serve compared to the slice [86]. There is also an angled racquet face of 

between 1 to 4 degrees to generate the required spin component.  

A comparison of the twist serve and flat serve shows a further 20 degrees of 

knee bend in the twist serve [94]. This extra bending is due to the different ball 

toss for the twist serve. Like the slice serve, the timing and motion of arm and 

upper body joints, and how they contribute to creating the twist serve, has not 

been thoroughly investigated. However, there is some support for the idea that 

greater upward and sideward motion of the racquet might be created by increased 

elbow extension, wrist flexion and ulna deviation. There is also greater elbow 

extensor muscle activation in the wrist over that of the flat serve [95]. 

2.3 Summary 

The first section of Chapter 2 introduced and discussed three available 

technologies to monitor the performance of athletes in the real environment or in 

the laboratory. The three technologies discussed in this chapter were video 

systems, digital optical systems and MEMS inertial sensors. The MEMS inertial 

sensors were discussed in more detail since the focus of the rest of the thesis is to 
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use the sensors to monitor the performance of a tennis player during the first 

serve. 

The second section of the chapter focused on the biomechanics of the tennis 

serve as well as the required mathematical and statistical tools to analyse the 

biomechanics of a serve. Chapters 3, 4 and 5 will describe how these tools were 

used to analyse the serve.  
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Chapter 3  

 

This chapter will outline the development of a novel 1D marker based virtual 

gyroscope (MBVG) using a vector based method of marker trajectories and a 

series of geometric transformations. This method involves the creation of a plane 

using three points that are not in a straight line and defining a local coordinates 

system for each plane.  The frame’s axes of rotation are aligned and the desired 

rotation can be determined using the rigid body transformation technique. All 

these steps will be shown and discussed through a series of mathematical 

equations throughout the chapter.  

Since the ultimate goal of developing the MBVG is to measure the upper arm 

internal rotation as the main contributor of a tennis serve, the design of the novel 

technique is shown using three markers on the upper arm. In this chapter, the 

design of the MBVG is based upon the trajectory of the RSHO (Right Shoulder), 

RUPA (Right Upper Arm) and RELB (Right Elbow) marker positions obtained 

from the standard Vicon Plug-in-Gait model. Although the technique is illustrated 

using the three upper arm Plug-in-Gait model, any configuration of three markers 

(that are not in a straight line) can be considered as an input to the novel MBVG 

A Novel Technique to Determine 
Rotation 
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technique. This technique is validated using a pendulum test as well as a range of 

upper arm rotations in various body positions. 

This chapter begins with the specification of the inertial sensor device whose 

output is compared to that from the new technique to determine rotation. The 

chapter then outlines a method to create a novel 1D marker based virtual 

gyroscope (MBVG) to determine the rate of rotation around a single defined axis. 

The validation of the technique is examined using a series of controlled upper arm 

rotations and a pendulum experiment. In addition, an experiment is undertaken to 

examine the created correction surface to reduce the effect of marker movement. 

The use of the MBVG to determine upper arm rotation during a serve action will 

be shown in Chapter 4. 

This chapter also discusses the technical specifications of the inertial sensor 

device used to validate the output of the novel MBVG technique. It also illustrates 

the calibration technique used to calibrate the gyroscope sensors of the inertial 

sensor device.  

3.1 Introducing the Inertial Sensor Device 

Any data acquisition platform for sports application should be small and light 

enough to be used by athletes without limiting their performance. The data 

acquisition platform used in the experiments was an inertial sensor based device. 

The main part of the sensor platform is an RISC based ATMEl ATmega324P 

microprocessor. The microprocessor consists of 32 input/output lines, SPI bus for 

communicating with peripheral devices and eight channels for analogue inputs for 

the inertial sensors. It also has a built in 32KB flash memory for programming 
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purposes as well as one built in 1KB of EEPROM memory. The microcontroller is 

capable of processing at different clock speeds varying from KHz to 20 MHz.  

The dimensions of the inertial sensor device are 52 mm (length)  34 mm 

(width)  12 mm (height). It weighs approximately 22 grams and is small and 

light enough to be mounted on different segments of an athlete. The inertial sensor 

platform has both on board and off board memory equal to 2 MB and 128 MB 

respectively. It contains a tri-axial accelerometer to measure acceleration up to 

g2 range (Kionix KXM52-1050, 3axis 2g accelerometer), a 1D gyroscope to 

measure angular velocity up to 300 deg/sec (ADXRS300 Gyroscope), RF link 

to control the unit from distance, LCD screen to interact with the device, USB 

port to download the collected sessions and charge the device, and 5-way push 

buttons to turn the device on and off and control data recording. The technical 

specifications of the device are summarized in Table 3-1. 

Table  3-1. Technical specifications for the inertial sensor device [1] 

Components Description 
Processor Atmel ATMEGA 128 
Sensors Kionix KXM52-1050, 3axis 2g accelerometer 

ADXRS300 gyroscope 

Radio Nordic NRF2401, 2.4 GHz radio with internal 
patch antenna 

Memory 128 MB flash memory 
Inputs/Outputs LCD screen, USB port and a push button 

 

The inertial sensor device and its main components are shown in Figures 3-1a 

and 1b respectively.  
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(a) 

 

 

(b) 

Figure  3-1. (a) Inertial sensor device. (b) Components of the inertial sensor 

device.  
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Since only the gyroscope sensors of the inertial sensor device were used in this 

chapter a technique to calibrate the gyroscope is explained in the following 

section. 

3.1.1 Calibrating the Gyroscope Sensors 

The gyroscopes were calibrated by using a turntable of known angular 

velocities: 33 rpm, 45 rpm and 78 rpm. However, only the first two velocities (33 

rpm and 45 rpm) were used to calibrate the gyroscopes since the gyroscopes could 

measure up to 300 deg/s and turning at 78 rpm results in gyroscope saturation. For 

each gyroscope, the inertial sensor device was placed on the turntable and the 

turntable was triggered to rotate at 33 rpm and 45 rpm respectively. A setup to 

calibrate the gyroscope sensors is illustrated in Figure 3-2. 

 

Figure  3-2. A setup consisting of a variant speed turntable to calibrate a 

gyroscope sensor. The placement of an inertial sensor device on the turning plate 

is also illustrated. 
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It was found that the position of the gyroscope on the turntable (close or 

further to the center of rotation) does not influence the output of the gyroscopes 

and hence the calibration results. The values for different speed rotations were 

saved in a separate file and downloaded to the computer for system calibration. 

Knowing the output of each gyroscope at the known angular velocities (i.e. 33 

rpm and 45 rpm) made it possible to calibrate the gyroscopes. An example output 

of a gyroscope sensor during the calibration process is shown in Figure 3-3a.  
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(a) 

 

(b) 

Figure  3-3. (a) Sample gyroscope outputs during the calibration process. The top, 

middle and bottom graphs relate to the 33 rpm, 45 rpm and 78 rpm speeds 

respectively. (b) A line was fitted (R Squared = 0.9925) to the uncalibrated 

gyroscope output data versus various turntable rotation speeds.  
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As shown, the turntable was switched on and off a number of times to ensure 

the validity of the captured gyroscope output data. By switching the turntable on 

and off square waves for various rotation speeds could be obtained.  

In Figure 3-3a, the top, middle and bottom graphs relate to the 33 rpm, 45 rpm 

and 78 rpm speeds respectively. As Figure 3-3a shows, increasing the speed 

rotation results in an increase in gyroscope output. Gyroscope saturation occurs 

when the speed rotation is set for 78 rpm. 

As Figure 3-3b illustrates, a line was fitted (R Squared = 0.9925) to the 

uncalibrated gyroscope outputs with respect to various turntable rotation speeds 

(i.e.  33 rpm, 45 rpm and 78 rpm).  

3.2 A Novel Marker Based Virtual Gyroscope 

(MBVG) 

The aim of the Marker Based Virtual Gyroscope (MBVG) method is to 

calculate rotation around body segments using the marker position data. Three 

marker positions in 3D space are required to calculate the rotation of a segment. 

MBVG can be developed through a series of geometrical transfers on raw position 

data.  

The method requires three separate markers to form a plane. A local 

coordinate system for each plane in each frame can be created. A series of local 

coordinate systems ( OOOO  ,,, ) were used to calculate the transforms and 

rotations of the upper arm. Rotation angles and hence any velocity can then be 

derived. Marker movement due to skin or joint artefact can lead to less accurate 

results. This is addressed later in this section. 
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The design of the MBVG sensor shown in this chapter is based upon the 

marker positions in the Plug-in-Gait model obtained from the Vicon optical 

monitoring system to calculate upper arm rotation. The Plug-in-Gait model 

marker placement is a standard model widely adopted for motion studies. 

Although the methodology to create the MBVG described below is based upon 

upper arm marker positions, any three-marker configurations (that are not in a 

straight line) can be applied to the following methodology and equations. 

3.2.1 Methodology to Create a Marker Based 

Gyroscope 

Marker position for the entire activity should be recorded and saved frame by 

frame. By defining one frame as a reference frame rotation can be calculated from 

the subsequent frames (with respect to the chosen reference frame). In order to do 

this, the 3D trajectory and position data for the chosen markers were collected 

frame by frame. Choice of reference frame is arbitrary and depends entirely upon 

the application.  

   The creation of a MBVG requires the following:  

1. Creating a plane of three points and defining a virtual sensor position and 

orientation by using a mesh (see section 3.2.1.1) 

2. Aligning the axis of rotation on all frames (defined as the z-axis to that of 

the reference frame) (see section 3.2.1.2) 

3.  Determining rotation with respect to the reference frame using the rigid 

body transformation technique (see section 3.2.1.3) 
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4. Reducing marker movement artefact by using a correction surface (see 

section 3.2.1.4) 

This process involves geometrical transformations and calculations of angles. 

The mathematical description and explanations for steps 1 to 4 are discussed in 

the following sections.  

3.2.1.1 Creating a plane of three points and defining a virtual 

sensor position and orientation by using a mesh 

Using three markers, a plane was created, relative to which the location and 

orientation of the MBVG is fixed. Figure 3-4a shows a possible marker 

configuration for defining the orientation and position of the MBVG on a plane 

containing three known Vicon markers. As shown in Figure 3-4c, the three 

markers to create the plane on the upper arm segment were the Right Shoulder 

(RSHO), Right Elbow (RELB), and the Right Upper Arm (RUPA). These were 

obtained from the standard Plug-in-Gait marker placement.  

It is ideal to choose markers that are not likely to move from their original 

position due to skin movement or stretch. However, using the Plug-in-Gait model, 

the only available markers to define the upper arm plane are the RSHO, RELB, 

and the RUPA. 

To define a MBVG position (V) and orientation ( zyx ˆ,ˆ,ˆ ), a mesh was created 

between the three markers. The mesh can be created by subtending the triangle 

about a single vertex m1 with linear subdivision. The mesh creation method is not 

crucial since the mesh is only used to help align the virtual sensor using the 

marker positions. 
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(a)                                                                                   (b) 

 

 

(c) 

Figure  3-4. (a) Orientation and position of a MBVG on a plane of three marker 

points and a sample mesh. (b) Projection of the vector A on the z axis that 

determines the origin V. (c) Local coordinate system and marker positions on the 

upper arm segment. 
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To create a local coordinate system based upon V and the MBVG sensor’s 

orientation, neighbouring nodes must be chosen defining the direction of the local 

axes ( zyx ˆ,ˆ,ˆ ). As shown in Figure 3-4a, two neighbours (ni0 and ni1) were aligned 

on the ẑ -axis; one in the positive direction and one in the negative direction. The 

ni2 neighbour is in the positive direction of the ŷ -axis. For simplicity, these 

locations can be found from the appropriate mesh nodal positions. The MBVG is 

marked as (V) at the origin of the created local coordinate system. Any arbitrary 

node on the mesh can be assigned as the marker based virtual gyroscope V. 

Whilst a mesh is not necessary it aids physical location and determination of ni0, 

ni1, ni2 (the location of the mesh points) as shown in Figure 3-4a. 

 For the marker configuration shown in Figure 3-4, the created mesh, MBVG 

position (V) and orientation vectors zyx ˆ,ˆ,ˆ  are shown. The ẑ -axis was created 

and normalized between the two nodes, ni1 and ni0, in the mesh using equation (3-

2).  

To find ẑ , we first need to determine z                                                                       

01 ii nnz                                 (3-1) 

and then normalize z 

01

01ˆ
ii

ii

nn

nn
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             (3-2) 

In order to generate the ŷ -axis, a vector from ni0 to ni2 was transposed to the 

ẑ - axis to obtain the length of the crossover to be added to ni0. This is presented in 

equation (3-7) and shown in Figure 3-4b. This gives the origin of the coordinate 

system, which is the MBVG position V. 

To find ŷ , vector A from 0in  to 2in was created, as shown in Figure 3-4b: 
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02 ii nnA                          (3-3) 

The created vector was projected on the z 
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Aproj                         (3-4) 

and added to 0in  to get point V 

proji AnV  0                                   (3-5) 

The y axis was then defined and normalized: 
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By substituting V and AProj to equation (3-6), the y axis can be written as: 
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Finally, the cross product between the ŷ -axis and the ẑ -axis yields the x̂ -axis, 

as given by equation (3-8).  

zyx ˆˆˆ                                                                                                         (3-8) 

3.2.1.2  Aligning all frames’ axis of rotation defined as the z-axis 

to that of the reference frame 

After defining the position and orientation of MBVG, the axis of all 

subsequent frames must be aligned with that of the same axis in the reference 

frame. This makes it possible to calculate the rotation around that axis. In this 

chapter the axis of rotation is the z-axis.  

The following steps are required to align the z-axis of all frames [2]. 

1. Align origins using equation (4-9) so that the origin of the local coordinate 

system for each frame (O't) is at the same position as the origin of the local 
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coordinate system of the reference frame (O) (as shown in Figure 3-5a). 

This means that the rotation axis will pass through the same origin for all 

frames. 

Equation (3-9) defines the translation of the origin of the frame of interest 

(O’) to the origin of the reference frame (O): 

     dOO t  '                                                (3-9) 

     where  

d: is the vector element by element difference between the O and the tO' . 

tO' : is the local coordinate system for each frame after moving to the same 

origin as the local coordinate system for the reference frame. 

2. Using equation (3-10), rotate space about the z-axis so that the rotation 

axis lies in the xz plane. Equation (3-11) is then used to rotate space about 

the y-axis so that the rotation axis lies along the z-axis, as shown in Figure 

3-5b. 
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(a) 

 

(b) 

 

Figure  3-5. Translation and rotation required to align the z-axis of frames to the 

z-axis of the reference frame. (a) Translation to align origins with the results of 

translation. (b) Rotation to align the z-axis with the result of rotation. 

 

Equations (3-10) and (3-11) define rotation matrices for the 'z -axis of each 

frame to the z-axis of the reference frame. In this research, cba are the 

components of the 'z -axis of the local coordinate system for each frame. The 

matrix to rotate a 'z -axis of each frame about the z-axis to the xz plane is [2]: 
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Rxz = 
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and the matrix to rotate the 'z -axis of each frame in the xz plane to the z axis is 

Rxz2z = 
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         (3-11) 

By using equations (3-10) and (3-11), the local coordinate system for each 

frame can be rotated in such a way that the 'z -axis (axis of rotation) for each 

frame lies along the z axis of the reference frame (as shown in Figure 3-5b). The 

origin is translated from the aligned origin local coordinate system (O't) to the z-

axis aligned local coordinate system (O''t) using equation (3-12). 

txzzxzt ORRO ''' 2                                                   (3-12) 

where  

tO '' : is the local coordinate system for each frame after aligning the 'z -axis of 

each frame to the z-axis of the reference frame. 

After aligning the 'z -axis of the local coordinate systems of each frame, it is 

feasible to use the rigid body transformation technique [3] to determine the 

rotation about the desired axis. This is the z-axis in this chapter.  

3.2.1.3 Determining rotation with respect to the reference frame 

using the rigid body transformation technique 

Figure 3-5b shows that although the z-axis is aligned there is still a rotation of 

the xy plane which is needed to align all axes. The angle of rotation to align all 

axes gives the rotation about the z-axis as desired. The angle of rotation can be 
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calculated from the determination of the 3 component rotation angles (Euler 

angles) in the rotation matrix required to align the axis. The Singular Value 

Decomposition (SVD) technique was used to compute the rotation matrix between 

the reference frame and the other frames. The rigid body transformation technique 

[3] extracts the required rotation matrix.  This needs to be applied to the local 

coordinate system of each frame and placed on top of the local coordinate system 

of the reference frame. The rotation around the z-axis to determine the rotation to 

extract the required angles can be seen in Figure 3-6. 

 

 

Figure  3-6. Determining rotation around the z-axis to align axes enabling 

extraction of the Euler angles. 

 

The equation to describe the rigid body transformation is: [3]. 

tttOOt VORsO   ''][''' '''''                         (3-13) 

where  

tO ''' : is the local coordinate system for each frame after rotation and sitting on the 

local coordinate system of the reference frame. 



65 

 

tO '' : is the local coordinate system for each frame after aligning the 'z -axis of 

each frame to the z-axis of the reference frame and before overlapping on the 

reference frame’s local coordinate system.  

 s: is the scale factor. 

 ''''' OOR   : is the rotation matrix. This is to be used to rotate the local coordinate 

system for each frame and to place it on top of the local coordinate system of the 

reference frame. 

Vt: is the distance between the origin of each frame’s local coordinate system and 

that of the reference frame. 

For this study the scale factor is approximated to unity. This approximation is 

based upon the fact that the distance between the markers in each frame remains 

the same throughout the entire experiment (although there is some artefact due to 

skin and joint movements). Since the origin of the local coordinate system of each 

frame was also translated to the origin of the reference frame in the previous 

steps, then Vt is zero. Using Vt=0 and s=1, formula (3-13) can be simplified as: 

ttOOt ORO ''][''' '''''                                                           (3-14) 

Therefore, equation (3-14) can be directly used to describe the orientation of 

the given frames relative to the reference frame. Once the rotation matrix is 

determined, the Euler angles can be found from the rotation matrix  ''''' OOR   [4]. 

Two separate experiments are designed to validate the described technique: 

the pendulum test and the upper arm rotation test. The pendulum test is a simple 

well- known motion and is utilized to validate the technique in 1D. In addition, a 

range of upper arm rotations (in various body positions) are used to validate the 

technique. These experiments are shown in section 3.3.2. 
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3.2.1.4 Reducing marker movement artefact by using a 

correction surface 

MBVGs are prone to error due to skin and joint movement, and stretch 

(especially in high-speed motions and actions such as the tennis serve). In other 

words, some of the translational motion can be wrongly translated as a rotational 

motion which leads to inaccuracies. Therefore, a method is required to correct 

this. 

A correction method was developed to reduce the effect of inaccuracies due to 

marker movements (during a tennis serve) using a predefined range of motions 

involving shoulder abduction and shoulder horizontal abduction. The abduction 

ranges were chosen so that they covered the typical range of motion during a 

tennis serve. Equation (3-15) describes how the corrected rotation can be 

calculated using the MBVG and the error for given abduction angles. 

ErrorRotRot calcorr                                                         (3-15) 

where 

:corrRot is the desired rotation per second. 

:calRot is the calculated rotation per second using the MBVG method. 

:Error is the apparent rotation per second due to skin and join movements. 

The apparent rotation per second (Error) was found over a range of shoulder 

abduction and horizontal shoulder abduction movements as can be seen in Table 

3-2. A subject wearing the markers according to the Plug-in-Gait model was 

asked to straighten and raise his arm from an initial abduction angle of around 10 

degrees to a final abduction angle of about 150 degrees with the shoulder 

abduction of approximately 45. The subject was then asked to repeat the same 
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procedure for shoulder horizontal abduction angles approximately equal to 90, 

135, 165 and 180 degrees. 

Table  3-2. Apparent rotation (Error) before and after applying the correction 

surface. 

Horizontal 
Abduction 

Angle 

(deg) 

Abduction 
Angle Range 

(deg) 

Apparent 
rotation 

(Error), before 
applying the 
correction 

surface 

Mean(SD) 

(deg) 

Apparent rotation (Error), after applying the 
correction surface  

Mean(SD) 

(deg) 

45 10 to 150 47.2 (25.6) 2.4 (9.3) 

90 10 to 150 70.8 (34.6) 1.6 (6.5) 

135 10 to 150 74.1(30.8) 10.6 (6.4) 

165 10 to 150 68.2 (32.9) 4.9 (8.3) 

180 10 to 150 74.4 (38.8) 3.4 (9.9) 

 

 

Once the “Error” was determined for the corresponding shoulder abduction 

and horizontal shoulder abduction, a surface was fitted to describe the”Error” in 

3D space. The corresponding values from the error surface were subtracted from 

the calculated velocities to minimize the error due to marker movements.  

The DataFit curve fitting program (Oakedale Engineering, USA) was used to 

find the best fitting surface for the collected data. The data points on the surface 

are the collected data points from the predefined range of motions (involving 

shoulder abduction and shoulder horizontal abduction) that are likely to occur 

during the tennis serve action. The program used the nonlinear regression scheme 

to calculate the best fit surface. The resultant surface (R squared = 0.8157) is 

expressed by the following equation.  
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where x1 and x2 are the shoulder abduction and horizontal abduction respectively 

and a to j are the coefficients of the equation. 

The resultant fitting surface is shown in Figure 3-7. This figure shows the 

error in the upper arm internal rotation angular velocity as a function of the 

shoulder abduction and horizontal abduction angles.  

 

Figure  3-7. Fitting surface as a function of shoulder abduction and horizontal 

abduction angles to eliminate the apparent rotation (Error) due to skin and joint 

movement for tennis serves (R Squared = 0.8157). 

 

It should be noted that the correction surface should only be used when the 

markers are prone to errors resulting from joint motion and skin movement. In the 

case of the tennis serve (discussed in Chapter 4), a discussed correction surface 

was employed to eliminate the error.  However, in cases such as the pendulum 

test, given in the next section, a correction surface was not required. 

In order to validate and compare the output of the novel MBVG method with 

that of inertial gyroscope sensors a well-known experiment (pendulum test) and 

upper arm rotation experiments were performed. These are discussed below. In 
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addition, a test was performed to examine the use of the described correction 

surface to reduce the effect of marker movements. 

3.3 Validation Experiments 

In order to validate the output of the novel MBVG, two validation tests were 

carried out. The first experiment was performed using a natural pendulum swing. 

The second experiment was based upon the rotation of the upper arm in various 

body positions. These two validation experiments are illustrated in the following 

sections. Finally, the effect of applying the correction surface to reduce the 

likelihood of false rotation is studied. 

3.3.1 Pendulum Test 

The pendulum test was used to verify the operation of the gyroscope and 

MBVG by applying them to a tightly constrained and well understood system. A 

simple pendulum device was created and fitted with both motion capture markers 

and a MEMS gyroscope.  

3.3.1.1 Experiment Setup 

Environment Setup 

This experiment was carried out inside the Vicon laboratory to capture the 

position of the required markers to develop the MBVG method. Eight MX13 near 

infrared cameras inside the laboratory (recording at 100 frames per second) were 

used to capture the position of the three markers frame by frame. The cameras 

were set up so that all markers were visible throughout the experiment.  
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Subject Setup 

One inertial sensor was attached to the bottom of a 50 cm straight piece of 

wood, as shown in Figure 3-8a. Three reflective markers, not in a straight line, 

were placed on the wood. This enabled the creation of a MBVG using the 

previously described method in a configuration similar to an upper arm marker 

placement. The axis of rotation is around the pivot point. The setup for the 

pendulum experiment is shown in Figure 3-8a.  

 

(a)                                            (b) 

Figure  3-8. (a) Setup for the pendulum test showing the position of the gyroscope 

sensor and the markers. (b) The pendulum is swinging naturally around a pivot 

point. 

 

The wood was turned 90 degrees around the pivot point (starting angle = 90 

deg) and then allowed to swing naturally around the pivot point, as shown in 

Figure 3-8b. The outputs from both the MBVG and gyroscope were extracted. No 

correction surface was required due to the rigid attachment of the markers. 
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3.3.1.2 Synchronization 

In order to relate the data collected from the gyroscope sensor device to the 

captured data using the Vicon system, the output from the two systems needs to 

be synchronized. This was done by manually swinging the wood three times prior 

to the main swing action. The peak values observed on the gyroscope and Vicon 

data were used to synchronize the two systems. 

3.3.1.3 Results of the Pendulum Experiment 

The MBVG data and that of the gyroscope were compared and found to match 

(r = 0.9729, p < 0.0001), as shown in Figure 3-9. The Pearson’s correlation 

coefficient (r) and significant difference test results (p) were used to quantify the 

relationships. The described rotation angle was differentiated over time to obtain 

the angular velocity. 
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Figure  3-9. Comparison between the gyroscope (measured, solid line) and the 

designed MBVG (calculated, marker points) in a standard pendulum swing (r = 

0.9729, p < 0.0001). In order to improve the visibility of the MBVG data on top of 

the gyroscope data, every fifth sample is plotted. 

 

3.3.2 Upper Arm Rotation Test 

The purpose of the upper arm internal rotation test is to validate the output of the 

MBVG against a gyroscope sensor. In this experiment three Plug-in-Gait marker 

positions (RSHO, RUPA and RELB) were used to validate the developed method. 

3.3.2.1 Experiment and Subject Setup 

Like the pendulum experiment, this experiment was carried out inside a Vicon 

motion capture monitoring laboratory. The Vicon MX13 near infrared cameras 
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were positioned to fully capture the volume of interest. The cameras were set to 

record at 100 frames per second and were calibrated using the well-known 

technique described earlier in Chapter 2.  

In order to prepare the subject, markers based upon the Plug-in-Gait model 

were attached to the subject’s right arm and shoulder using double-sided tape. In 

addition, one inertial sensor device containing a gyroscope sensor was attached to 

the subject’s upper arm. The position of the markers and the inertial sensor device 

are shown in Figure 3-10. 

 

 

Figure  3-10. Plug-in-Gait marker and inertial sensor placement on the subject’s 

upper arm. 

 

 Figure 3-10 shows that the inertial sensor device is located in the plane 

consisting of the RSHO, RUPA and RELB markers. 
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3.3.2.2 Data Collection Protocol 

After the markers and the inertial sensor device were attached to the subject, 

the subject was asked to perform some predefined range of motions. The protocol 

and the range of motion used to validate the MBVG for the upper arm internal 

rotation is described below: 

 Initial position and pose 

1. Ask the subject to close his/her fist and straighten his/her arm right 

next to his/her upper trunk and face his/her palm towards the back. 

As an initial pose the subject is required to hold his/her arm to 

his/her upper trunk 

2. Signal the player to start for each of the trials. 

3. S/he is asked to revert to the initial pose after each trial. 

     Beginning of trials 

1. Ask the subject to stand still in the initial pose and position. 

2. Initial Pose. Ask the subject to straighten his/her arm and move it 

to approximately 45 degrees in front of them and only rotate 

his/her upper arm (rotate five times, clockwise and anti-

clockwise). 

3. Initial Pose. Ask the subject to straighten his/her arm and move it 

to approximately 90 degrees in front of them and only rotate 

his/her upper arm (rotate five times, clockwise and anti-

clockwise). 

4. Initial Pose. Ask the subject to straighten his/her arm and move it 

to approximately 135 degrees in front of them and only rotate 
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his/her upper arm (rotate five times, clockwise and anti-

clockwise). 

5. Initial Pose. Ask the subject to straighten his/her arm and move it 

to approximately 180 degrees to his/her side and only rotate 

his/her upper arm (rotate five times, clockwise and anti-

clockwise). 

6. Initial Pose. Ask the subject to bend approximately 45 degrees 

forward and go to point 3. 

7. Initial Pose. Ask the subject to bend approximately 45 degrees 

backward and go to point 3. 

Each trial was saved separately on the inertial sensor device as well as in the 

Vicon system. This made it easier to synchronise the gyroscope sensor data with 

that from the Vicon system. All the collected trials were downloaded on the 

computer for analysis. Results from the validation experiment are presented in the 

following section.  

3.3.2.3 Results of the Upper Arm Experiment 

The MBVG method was applied on the trajectory of the RSHO, RUPA and 

RELB marker positions for each trial. The results were compared with the output 

of the gyroscope attached on the upper arm. The MBVG data and gyroscope data 

for a selected trial is shown in Figure 3-11. The Pearson’s correlation test was 

performed on one full range of rotation motion (about 500 data points for each 

rotation) to verify the relationship between the MBVG and gyroscope data. It is 

evident that there is a close relationship between the MBVG and gyroscope data (r 

= 0.9605, p < 0.001).  
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Figure  3-11. Comparison between the gyroscope (measured, solid line) and the 

designed MBVG (calculated, dash line) in a standstill, upper arm rotation 

experiment (hand 90 degrees in front of body position)(r = 0.9729, p < 0.0001). 

 

The correlation between the MBVG and the gyroscope in various positions is 

summarized in Table 3-3.  
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Table  3-3: The Pearson’s correlation coefficient and the significant difference test 

results between the MBVG and gyroscope in various body and segment positions. 

Position of the hand and 
body 

Illustrated position of the hand 
and body 

Pearson’s 
correlation 
coefficient 
and T-test 

results 
Body Position:  Upright 
Hand Position: 45 degrees 
across the body 

r =  0.9605 
p < 0.0001 

Body Position:  Upright 
Hand Position: 90 degrees in 
front of the body 

r = 0.9598 
p < 0.0001 

Body Position:  Upright 
Hand Position: 135 degrees 
in front of the body 

r = 0.9373 
p < 0.0001 

Body Position:  Upright 
Hand Position: 180 degrees 
to the side 

r = 0.8842 
p < 0.0001 

Body Position:  Bent 
Forward 
Hand Position: 90 degrees in 
front of the body 

r = 0.9138 
p < 0.0001 

Body Position:  Bent 
Forward 
Hand Position: 135 degrees 
in front of the body 

r = 0.8737 
p < 0.0001 
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Body Position:  Bent 
Forward 
Hand Position: 180 degrees 
to the side 

r = 0.8373 
p < 0.0001 

Body Position:  Bent 
Backward 
Hand Position: 90 degrees in 
front of the body 

r = 0.9872 
p < 0.0001 

Body Position:  Bent 
Backward 
Hand Position: 135 degrees 
in front of the body 

r = 0.9562 
p < 0.0001 

Body Position:  Bent 
Backward 
Hand Position: 180 degrees 
to the side 

r = 0.9512 
p < 0.0001 

 

3.3.3 Correction Surface Test 

An experiment was carried out to examine the use of a correction surface. A 

subject wearing the inertial sensor device and the Plug-in-Gait markers (shown in 

Figure 3-10) was asked to stand still and to raise his hand diagonally over his head 

(without rotating his upper arm) to generate maximum skin stretch and shoulder 

joint movement. Due to skin stretch and joint movement, the location RSHO 

marker on the shoulder joint is varying and hence the distance between the RSHO 

and RELB and the RSHO and RUPA markers also varies.  Although there was no 

upper arm internal rotation, the MBVG method detects some rotation as the 

position of the RSHO changes when the arm is dropped or raised. The distance 
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between the RSHO and RELB and the RSHO and RUPA markers during the 

upper arm raising action is shown in Figure 3-12.  

 

(a) 

 

(b) 

Figure  3-12. The distance between the (a) RSHO and RELB markers; and (b) 

RSHO and RUPA markers during arm raising and dropping actions.  
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As shown in this figure, the distance between the RSHO and RELB and 

RSHO and RUPA markers is not fixed.  It changes approximately 52 mm and 58 

mm respectively, which can result in false rotation. In other words, translational 

movement can be translated as rotational movement. The described correction 

surface is applied and the results (with and without correction surface) are 

illustrated in the following graph. As shown in Figure 3-13, the subject raises and 

drops his hand from time 0s to 5s, 6s to 10s and 11s to 16s respectively.  It can be 

seen that the gyroscope (solid line) does not detect rotation more than  20 deg/s 

as the subject tends not to rotate his upper arm while raising it. However, the 

MBVG method (dotted line) detects a rotation in a range of 60 deg/s due to 

marker movements.  

 

Figure  3-13. Applying the correction surface to the MBVG method to reduce the 

effect of joint movement and skin stretch. The solid line represents the gyroscope 

data. The dotted line represents the MBVG data without applying the correction 

surface. The dashed-dotted line represents the MBVG after applying the 

correction surface.   
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It is evident that application of the correction surface can reduce the generated 

false rotation, minimize the apparent rotation and produce results that are more 

consistent with the gyroscope output. The RMS error of the distance between the 

MBVG and the gyroscope data prior to applying the correction surface is 34.807. 

The RMS error after applying the correction surface is reduced to 18.456. This 

indicates that applying the correction surface could improve the results by 

52.02%.  

Sharp increases and decreases in the MBVG data (without applying the 

correction surface) are generated when the subject raises and drops his arm 

respectively. This is because the markers are more likely to move, and cause more 

false rotation outcomes, while the subject is in action. 
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3.4 Summary 

The aim of this chapter was to develop a novel technique to use the Plug-in-

Gait marker placement trajectory to determine the rotation of any body segment as 

a virtual gyroscope sensor.  

The MBVG was derived from the marker positions obtained from the Vicon 

optical motion capture system. This required a vector based method to be 

developed using the marker's trajectories. A geometric approach was applied to 

determine the rotation angle.  The pendulum and upper arm rotation experiments 

were set up to validate the technique. These experiments used both the inertial 

sensor device and Vicon markers on a piece of wood as well as the subject’s 

upper arm. The results were consistent with statistical values from the Pearson’s 

correlation coefficient and significant difference tests. In addition, the use of the 

correction surface to eliminate the effect of marker movements was studied. The 

maker based virtual sensor would also be a suitable measurement system for this 

since it is not limited by saturation. It would allow the virtual gyroscope to be 

placed anywhere on the body. The marker based method can also be used to 

determine an optimized position and orientation for the inertial sensors to be 

placed on the body.  

The next chapter will focus on the possible use of the MBVG and other vector 

based techniques to calculate the main contributors of the serve from maximum 

knee flexion to impact. The results of the methods will be validated against those 

from the inertial gyroscope sensors. Finally, a possible gyroscope sensor 

placement on various segments of a tennis player to determine upper arm rotation, 

wrist flexion and shoulder rotation (the main contributors) during the serve action 

will be proposed. 
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Chapter 4  

 

Chapter 4 illustrated a novel marker based virtual gyroscope (MBVG) 

technique to determine rotation using the position of three markers. The technique 

was validated against the gyroscope sensor by using a pendulum test and a set of 

upper arm rotations in various body positions. In addition, a technique to calibrate 

the gyroscope sensors (using a turntable) was shown. 

The aim of this chapter is to show that high rate gyroscope sensors (as 

wearable devices) can be used to monitor the tennis serve motion. In order to 

illustrate this, the behaviour of gyroscopes was simulated using the marker based 

methods. The MBVG method was used to determine upper arm internal rotation.  

Other marker based methods (all using the Vicon Plug-in Gait marker placements) 

determined wrist flexion and shoulder rotation. Upper arm internal rotation, wrist 

flexion, and shoulder rotation velocity were measured since they are the main 

contributors to the tennis serve after maximum knee extension (as discussed in 

Chapter 2). Results from the developed methods were compared and were 

consistent with results from the gyroscope sensors. Therefore, a possible inertial 

Measuring the Main Angular 
Contributors to the Tennis Serve 



85 

 

sensor device placement to monitor the main contributors to the serve was 

suggested. 

This chapter is divided into two sections. The first section discusses the 

methodology used to collect data (using the Vicon lab) as well as the inertial 

sensor platforms. This section is divided into four sub-divisions including 

experimental setup (explains the setup of the testing environment), subject 

preparation (explains the placement of the Vicon marker and sensor device on an 

athlete), synchronization (explains the synchronization of the sensors with the 

Vicon system) and slow motion serve (explains why slow motion serves are 

used). 

The second section discusses comparative results from the marker based 

techniques and gyroscope sensors for upper arm internal rotation, wrist flexion 

and shoulder rotation during the serve.  

4.1 Methodology 

The methodology section presents the required steps to collect data from 

athletes. This section starts by explaining the physical environment in which data 

was recorded (section 4.1.1) and continues with an explanation of how the 

subjects were prepared for data collection (section 4.1.2). A technique to 

synchronize the Vicon optical motion monitoring system and inertial gyroscope 

sensor systems is also discussed (section 4.1.3). The final part of the methodology 

section justifies the use of the slow motion serve rather than the conventional 

power serve (section 4.1.4). 
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4.1.1 Experiment Setup 

This experiment was carried out inside the Vicon motion analysis laboratory. 

Eight MX13 (MX13, Vicon, Oxford, UK) infrared cameras were set up so that the 

position of the attached markers could be captured through the entire serve action. 

The origin of the volume of interest was set using the L-frame and hence the 

global coordinate system prior to calibrating the MX13 infrared cameras. The 

cameras were then calibrated (image error < 0.3 camera pixels) by moving a wand 

in figure of 8s to include the x, y and z (3D space) area (see Chapter 2).  Cameras 

were set to record 100 frames per second [1].  

4.1.2 Subject Preparation 

In order to prepare a subject for the experiment, the subject needs to wear the 

Vicon markers (upper body only) according to the Plug-in Gait model. In 

addition, the subject needs to wear three inertial sensor devices as described in 

Chapter 3. The placement of the markers and inertial sensor devices is explained 

in the following sections. 

Marker Placement 

Markers were attached to the upper body of a tennis player using double-sided 

tape, which had minimal discomfort to the athlete’s skin (see Figure 4-1).   

The three marker positions labelled as RSHO (Right Shoulder), RUPA (Right 

Upper Arm) and RELB (Right Elbow) were used to calculate upper arm internal 

rotation employing the described MBVG method. Marker positions for the RSHO 

and LSHO (Left Shoulder), and the U vector (vector from RSHO to LSHO), were 

used to calculate shoulder rotation. Marker positions for the RFRA (Right 

Forearm), RWRB (Right Wrist) and RFIN (Right Finger), as well as V1 (vector 
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from RWRB to RFRA) and V2 (vector from RWRB to RFIN) vectors, were used 

to calculate wrist flexion during a tennis serve. 

 

Figure  4-1.Marker placement with respect to the Vicon Plug-In Gait model as 

well as the required vectors to determine wrist flexion ( 1V  and 2V ) and shoulder 

rotation(U ). 

 

Inertial Sensor Device Placement 

Three described inertial sensor devices (see Chapter 3) were also attached to 

the tennis player on the upper arm, chest and wrist to monitor the serve action. 

Due to the nature of the movements to be measured (i. e. upper arm internal 
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rotation, wrist flexion and shoulder rotation), only the gyroscopes on the inertial 

sensor device were used for this study. 

 

Figure  4-2. Placement of gyroscope sensors on the chest to measure shoulder 

rotation (gyroscope A), the hand to measure wrist flexion (gyroscope B) and the 

upper arm to measure upper arm internal rotation, (gyroscope C). The direction 

of rotation measured by each gyroscope sensor is also shown. 

 

The placement of the three gyroscope sensors used to determine upper arm 

rotation, shoulder rotation and wrist flexion are shown in Figure 4-2. Gyroscope 

sensors were light enough to be mounted on the body using double-sided tape. 

Gyroscope A was mounted on the chest (slightly below the jugular notch where 

the clavicles meet the sternum) to determine shoulder rotation; gyroscope B was 

mounted on the upper arm (on the axis between the acromio-clavicular joint and 

elbow joint) to determine upper arm internal rotation; and gyroscope C was 

mounted on the hand (the dorsum of the hand just below the head of the second 

metacarpal) to determine wrist flexion. 
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4.1.3 Synchronization 

During this experiment three sensor units were attached to the body. Since the 

sensor units were not triggered to record data simultaneously, a mechanism was 

needed to synchronize the sensors.  Because the experiment was carried out inside 

the Vicon laboratory, and was captured using eight synchronized MX13 cameras, 

it was also necessary to synchronize the sensors and the Vicon system to enable 

correlation of sensor data to the recorded Vicon data during the serve motion. In 

order to synchronize the upper arm gyroscope, chest gyroscope and wrist 

gyroscope units with each other and with the Vicon system, the subject was asked 

to jump vertically three times prior to serving. The peak detected on the third 

jump was used to synchronize the three gyroscopes together as well as with the 

Vicon system.  

In the following sections, the main contributors to the tennis serve (including 

upper arm internal rotation, wrist flexion and shoulder rotation) will be calculated 

using the marker based techniques and measured using the gyroscope sensors. The 

output of the two methods will be compared to examine the feasibility of using the 

gyroscope sensors as a wearable device to monitor the key factors of a serve 

action. 

4.1.4 Protocol (Slow Motion Serve) 

According to the literature [2-4], upper arm internal rotation and wrist flexion 

can peak at about 2100 deg/sec and 1500 deg/sec respectively. At the time of this 

study, such angular velocity could not be captured and measured using available 

inertial gyroscopes. Thus, a slower motion serve rather than a conventional 

motion serve was chosen to examine the marker based techniques including 
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MBVG and the inertial gyroscope. The biomechanics movement of the slow 

motion serve was observed to be similar to that of the conventional speed serve 

except the ball was hit with less power. 

The Pearson’s correlation coefficient (r) and significant difference test results 

(p) of upper arm internal rotation and wrist flexion (between the slow motion 

serve and conventional speed serve actions) were used to quantify the relationship 

between the slow motion and conventional speed serve. 

The average values of upper arm internal rotation and wrist flexion of five 

random slow motion serves were plotted against those from a conventional first 

serve reported in the literature [4]. Average values for a conventional serve were 

used for consistency with the literature (since average values for upper arm  

internal rotation and wrist flexion were reported).  

As shown in Figure 4-3a, there is a correlation between the upper arm internal 

rotation of the slow motion serve and the conventional speed serve (r= 0.8680, p < 

0.0001). The correlation between the wrist flexion of the slow motion serve and 

the conventional speed serve was found to be (r= 0.6738, p < 0.0001). As shown 

in Figure 4-3b, from normalized time 0 to normalized time 0.45, wrist flexion 

from the slow motion serve differed from the conventional first serve due to 

variations in skill and style between the subjects. However, the correlation 

between the wrist flexion of the slow motion serve and conventional first serve 

increased from the normalized time 0.45 to normalized time 1 (r=0.7735, 

p<0.0001). This time period corresponded with the forward motion of the serve 

and the follow through phase.  
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(a)                                                          (b) 

Figure  4-3. The correlation between (a) upper arm internal rotation; and (b) 

wrist flexion of the slow motion serve and the conventional first serve.  

 

It is evident that the slow motion serve action is not just the random movement 

of an arm but a serve action at a slower pace. Therefore, the slow motion serve is 

representative of a serve action and is used for the rest of this chapter.  

4.2 Results 

In this section, the main contributors to a tennis serve (including upper arm 

internal rotation, wrist flexion and shoulder rotation) are calculated using the 

marker based techniques and measured using gyroscope sensors. For upper arm 

internal rotation, the results are also compared with the videography system from 

the literature to verify the developed MBVG method discussed in Chapter 3. 

4.2.1 Upper Arm Internal Rotation   

Upper arm internal rotation is one of the main contributors (54% contribution) 

[2-4] to the forward speed of the racquet at impact during a first tennis serve [4]. 

The act of upper arm internal rotation is shown in Figure 4-4.  Using the MBVG 



92 

 

method, three markers on the right upper arm, including the right shoulder marker 

(RSHO), right elbow marker (RELB) and the right upper arm marker (RUPA), 

were used to measure the angular rotation and hence the angular velocity of the 

upper arm. The linear velocity of the upper arm was calculated by multiplying the 

calculated angular velocity with the distance between the RSHO and RELB 

markers [5]. To verify the validity of the MBVG method designed in Chapter 3, 

the outcomes were compared with the results from the gyroscope sensors and with 

the published results using the videography technique [4]. 

 

Figure  4-4. Upper arm internal rotation and wrist flexion (with 54% and 31% 

contribution during the forward swing of the serve respectively) [4]. 

 

The two sensors attached to the upper arm and chest of a player (as shown in 

Figure 4-2) were used to measure upper arm internal rotation. The upper arm 

rotation sensor was found to contain an artefact due to the twisting motion of the 

shoulder. The chest sensor was used to sense the shoulder/over shoulder twist so 

that this artefact could be removed from the upper arm rotation. This artefact is 

caused by knee flexion/extension and trunk rotation during the forward motion. 

Calibrated data from the two inertial sensors are illustrated in Figure 4-5. 
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(a) 

 

(b) 

 

(c) 

Figure  4-5. (a) Angular velocity from the upper arm gyroscope; (b) Angular 

velocity from the chest gyroscope; and (c) Angular velocity from the upper arm 

minus the chest gyroscope for two service actions. P indicates the preparation 

phase and F indicates the forward motion phase. 
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Figures 4-5a and 4-5b show the gyroscope data for two serves with a short 

waiting period between them. Both the upper arm (Figure 4-5a) and chest (Figure 

4-5b) followed each other during the preparation phase (denoted by “P” in Figure 

4-5). However, during the forward motion (denoted by “F” in Figure 4-5) the 

upper arm gyroscope increased in a positive direction while the chest gyroscope 

moved in a negative direction. This meant that the forward shoulder rotation 

cancelled out the rotation on the upper arm gyroscope. Therefore, subtraction of 

the angular velocity of the chest gyroscope from that of the upper arm gyroscope 

eliminated the effect of shoulder twist speed on the internal rotation of the upper 

arm. The resultant graph from the subtraction is presented in Figure 4-5c. 

The following section compares the outcomes of the three different methods 

(MBVG, gyroscope sensors and videography). The subject performed 10 serves 

from which five were randomly chosen. Average values for the inertial gyroscope 

and MBVG were calculated. The average value was consistent with the 

videography result from the literature (since the average value was reported in the 

literature). The results from the videography, inertial gyroscopes, and MBVGs 

were time normalized for comparison [6, 7] and are presented in Figure 4-6. The 

moving average method (window size = 5) was used to smooth the outcomes from 

all sensors.  

Between 0 and 0.4 normalized time, which corresponds to the preparation 

phase of the serve, the shoulder horizontal abduction is approximately between 

170 degrees to 190 degrees. This is around the edge area of the correction surface 

which presents the highest error due to being outside the region covered by the 

data points. Therefore, the correction surface is not able to effectively reduce the 

error and hence there is a difference between the MBVG and the gyroscope. The 
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errors at the normalized point 0.6 and 0.8 are due to the marker movement of the 

marker on the complex shoulder joint. It should be noted that the Plug-in-Gait 

method for motion analysis was used and then resulted in the marker position 

error. The correction surface was not able to fully reduce this error, hence the 

differences to the gyroscope data. However, the position of the peaks and overall 

trends can still be seen. 

Results showed consistency between the marker based virtual gyroscope and 

videography between normalized time 0 to 0.2 (r = 0.9698, p < 0.0001). Such 

consistency between the marker based gyroscope and videography results 

continued from normalized time 0.2 to 1 (r = 0.9470, p < 0.0001). However, the 

results from the gyroscope and videography only showed similar trends (r = 

0.9762, p < 0.0001) between normalized time 0.2 to 1. Differences can be 

attributed to the style and level of proficiency of the players involved in the 

videography, MBVG and gyroscope methods. The videography data was obtained 

from the literature [5] which means that the athlete used in the MBVG and 

gyroscope methods were different to the athletes used in the videography method. 

Therefore the difference between the videography, the MBVG and the gyroscope 

methods can be partially due to differences in skill level and style of the 

participants in the two methods. 
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Figure  4-6. Average normalized angular velocity for MBVG data (calculated, 

dotted line), gyroscope data (measured, dashed line) and videography data [4] 

(solid line) during a first tennis serve (slow motion serve). 

 

The following section explains other marker based techniques to calculate 

wrist flexion and shoulder rotation (as other main contributors to a fast serve). The 

results are compared against the inertial gyroscope sensors.  

Vector based methods to calculate wrist flexion and shoulder rotation are also 

presented. Finally, the method outcomes are compared with those from the 

gyroscope sensors (during the tennis serve action) to verify the validity of the 

methods.  
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4.2.2 Wrist Flexion 

Wrist flexion is the next main contributor (31% contribution) [2-4] to the 

forward speed of the racquet at impact. Wrist flexion is the bending action of the 

wrist joint as shown in Figure 4-4. Three markers were used to determine wrist 

flexion; one on the forearm (RFRA), one on the wrist (RWRA/RWRB) and one 

on the hand (RFIN). Using the three markers, Vector 1V  and Vector 2V were 

created, as shown in Figure 4-1. 1V  was defined as a vector from RWRB to 

RFRA and 2V  was defined as a vector from RWRB to RFIN. The angle between 

the two vectors was calculated and then differentiated over time to obtain the 

wrist flexion angular velocity. To calculate the linear velocity of wrist flexion, the 

calculated angular velocity was multiplied by the distance between the RFIN 

marker and the mead point between the RWRA and RWRB [5].  

The method’s validity was checked by comparing the output with the output 

from the gyroscope attached on the hand (gyroscope C), as shown in Figure 4-7.  

Figure 4-7 compares calculated and measured values for wrist flexion angular 

velocity prior to and during the slow motion tennis serve. The serve action is 

indicated early on the graph. 

As shown in this figure, a relationship exists between measured and collected 

data for wrist flexion (r = 0.8914, p < 0.0001) during the serve action. This 

indicates that a gyroscope can follow the trends of wrist flexion during a slow 

motion serve. As can be seen in Figure 4-7, there is a phase shift between the 

measured and calculated data which can be caused by the built in low pass filters 

in both gyroscope device and Vicon system. 
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Figure  4-7. Comparison between the gyroscope sensor output (measured) and the 

marker based developed methods (calculated) for wrist flexion angular velocity 

during the slow motion tennis serve (0.8914, p < 0.0001). 

 

4.2.3 Shoulder Rotation 

Forward shoulder rotation (positive rotation about the medial axis) is another 

main contributor (10% contribution) [4] to the forward speed of a tennis racquet at 

impact. In this chapter forward shoulder rotation is referred to as “shoulder 

rotation”. This motion is shown in Figure 4-8a. 
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(a) 

 

(b)                                              (c) 

Figure  4-8. (a) Shoulder rotation in the transverse plane about the medial axis 

(10% contribution during the forward swing of the serve) and the direction of 

rotation; (b) Angle  between the vector U and horizontal line during the serve; 

(c) Horizontal plane (transverse plane) (P), vector from right shoulder to left 

shoulder (U ), vector in a stationary position ( sU ), projected vector ( PU ), 

projected U  onto the P plane through angle and the rotation angle . 
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Markers on the right shoulder joint (RSHO) and left shoulder joint (LSHO) 

were used to define vector U from marker point RSHO to marker point LSHO. 

Vector U is shown in Figure 4-1. 

For the purposes of calculating shoulder rotation, the following definitions 

applied:    

sU : is the U vector when an athlete is standing upright without any movement 

prior to the serve.  

P: is a horizontal plane (transverse plane) encompassing the sU . 

PU : is projected U  onto the P plane through angle . 

Due to the usual movement of an athlete during the tennis serve (shoulder 

dipping, knee flexion and trunk incline/decline), the U vector (shoulder vector) 

does not constantly stay on the transverse plane and make an angle   with the 

transverse plane (horizontal line), as shown in Figure 4-8b. Therefore, the U

vectors must be projected on a horizontal plane to obtain PU .  The angle between 

the projected vectors PU and the sU can then be calculated to determine the 

shoulder rotation angle about the medial axis. In other words, shoulder rotation is 

angle   subtended between PU and sU on the P plane, as shown in Figure 4-8c. 

The shoulder rotation angular velocity can then be calculated by differentiating 

the calculated shoulder rotation angle over time. To obtain the shoulder rotation 

linear velocity, the calculated angular velocity is multiplied by the length of a 

vector between the RSHO and the clavicle (CLAV) markers [5]. 

Figure 4-9 compares measured and calculated values for shoulder rotation angular 

velocity prior to and during the serve action. The serve action is indicated clearly 

on the graph. 
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As shown in this figure, a relationship exists between the measured and collected 

data for wrist flexion (r = 0.8734, p < 0.0001) during the serve action. This figure 

shows that a gyroscope can follow the trends of shoulder rotation during a slow 

motion serve. As discussed in section 4.2.2, there is a phase shift between the 

measured and calculated values due to the built in filters in both gyroscope device 

and Vicon system. As can be seen in Figure 4-9, the magnitude of the calculated 

data is higher than that of the measured data. This is due to the complex nature of 

the shoulder joint movement and skin artifact during the serve action. In this case, 

shoulder joint movement can appear as shoulder rotation in the transverse plane 

about the medial axis. This false rotation cannot be detected by the gyroscope 

sensor attached on the chest of a player and hence there is a difference between 

the magnitude of the measured and calculated data. 

 

Figure  4-9. Comparison between the gyroscope sensor output (measured) and the 

marker based developed methods (calculated) for shoulder rotation angular 

velocity  (r = 0.8734, p < 0.0001). 

 

14 14.5 15 15.5 16 16.5 17
-300

-200

-100

0

100

200

300

400

500

Time(s)

S
ho

ul
de

r 
R

ot
at

io
n(

de
g/

s)

Measured

Calculated



102 

 

4.3 Summary and Conclusion 

Upper arm internal rotation has been identified as the main contributor (54% 

contribution) to a fast tennis serve. Three methods were used to measure upper 

arm internal rotation. These methods included videography from the literature, 

inertial gyroscopes, and marker based virtual gyroscopes (MBVG) derived from 

the markers in a digital optical motion capture system. There was evidence of 

consistency from normalized time 0.2 to normalized time 1 between 

the selected videography with the inertial gyroscopes and novel marker based 

virtual gyroscopes. 

Wrist flexion and shoulder rotation angular velocity were also examined as 

other main contributors (31% and 10% respectively) to the tennis serve. A close 

relationship was evident between the output from the marker based technique and 

that from the gyroscope. 

In summary, this section demonstrates that gyroscope sensors could be used as 

wearable devices to determine upper arm internal rotation, wrist flexion and 

shoulder rotation during the forward motion of the tennis serve. It is envisaged 

that high rate gyroscope sensors can be worn by athletes (on the suggested sensor 

placements) to monitor their serve action. 
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Chapter 5  

 

 

Chapter 5 discusses the possibility of using accelerometers to detect the 

kinematic chain during the tennis serve and to distinguish between 

amateur/developmental and sub-elite players.  It also examines the feasibility of 

using marker based techniques (simulated gyroscopes) for skill assessment during 

the tennis serve. Marker based methods were initially used to capture rotational 

motions and to simulate gyroscope sensor output. Since fast gyroscope sensors 

were not developed at the time of this research (due to technology limitations), the 

marker based method was considered equivalent to the gyroscope sensor 

technique and was employed for skill assessment. Moreover, this research has 

already shown that marker trajectories can be used to simulate gyroscope output 

(see Chapters 3 and 4).  Finally, a method for skill improvement is introduced. 

This chapter begins with an introduction of the accelerometer based platform, 

comprising three accelerometer nodes, and the protocol used to investigate the 

kinematic chain of a tennis player during the serve action.  

The second section of the chapter focuses on skill assessment using the 

accelerometer based platform and marker based virtual gyroscope techniques. 

Skill Assessment and 
Improvement 
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Using the accelerometer platform, differences in serve action were observed 

between sub-elite and amateur/developmental players. The main contributors of 

the tennis serve (including upper arm internal rotation, wrist flexion and shoulder 

rotation) were calculated for a range of athletes by using the marker based 

techniques to simulate gyroscope behaviour.  These calculations were made using 

the trajectory of Vicon markers with respect to the Plug-in Gait model during the 

first serve. By using the maximum peak values of the main contributors to the 

serve (from maximum knee flexion to impact), players of varying levels can be 

assessed. 

Finally, the concept of the line of improvement is introduced (as a function of 

upper arm internal rotation, wrist flexion and shoulder rotation). The line of 

improvement can be used as a potential skill improvement tool to provide 

feedback on which variables (upper arm internal rotation, wrist flexion or 

shoulder rotation) need to be improved.   

5.1 Investigating the Kinematic Chain 

According to the kinematic chain model of serving to produce the fast (first) 

serve, the sequential order of joint contributors start from the ground and go all 

the way up to the wrist [1, 2]. Accelerometers have also been proven capable of 

detecting the kinematic chain used in the lateral swing of golf [3].  

This section explains the accelerometer sensor platform used to collect data to 

investigate the kinematic chain during the first serve. The sensor placement on the 

athlete to detect the kinematic chain is then shown, followed by the data collection 

protocol. Finally, the results from the three accelerometer nodes connected to the 

athlete are discussed.  
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Accelerometer Sensor Platform 

In order to capture faster movement in 3D space, ± 10g accelerometer nodes 

were added to the system which has previously been described in [4]. The 

accelerometer node is shown in Figure 5-1. 

 

 

Figure  5-1. An accelerometer sensor node containing two accelerometers to sense 

3D acceleration.   

 

This system includes a microprocessor board, Bluetooth connection, on-board 

and off-board ADXL202 and ADXL210 accelerometer sensors to capture the 

slower and faster motions, and an external Visual Basic receiving client. The 

specification of the system is summarized in Table 5-1.  
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 Table  5-1.  Hardware specifications of the sensor monitoring system  

Feature Value 

Resolution (Accelerometers) 10 bits 

Sampling Rate @ 3 channels Up to 500 Hz per channel 

Accelerometer Range ADXL202 : ± 2g  

ADXL210 : ± 10g 

Data Transmission Type Wireless (Bluetooth 1.1) 

Transmission Range Up to 250 metres 

 

The ADXL 202 and 210 accelerometers are capable of measuring acceleration 

in 2D space. Therefore, in order to measure acceleration in 3D space on each 

node, two accelerometers are placed perpendicular to each other (as shown in 

Figure 5-1).   

Sensor Placement 

Three distinct accelerometer nodes were used to capture the kinematic chain 

during the serve. Figure 5-2 shows the position and coordination of sensors when a 

player is facing the court. As demonstrated in Figure 5-2, the accelerometer nodes 

are attached to the knee, waist and wrist of the tennis player. Low-g accelerometers 

(± 2g) were attached to the knee and waist. A higher-g accelerometer (± 10g) was 

attached to the wrist due to the higher acceleration of the racquet-arm movement 

compared to the knee and waist movements. 

Since each accelerometer node is equipped with two ADXL accelerometers to 

detect acceleration in 3D space, acceleration about all three axes of rotation (i. e. 

sagittal-horizontal, frontal-horizontal and vertical axes) can be measured during the 

serve. 
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 Figure  5-2. Location of sensors and the processing box on: (A) the athlete’s 

wrist; (B) the athlete’s waist; and (C) the athlete’s knee. The acceleration 

coordinates are also shown when the athlete is facing the tennis court. 

Protocol to Collect Data 

Each player was allowed to take as much time as needed to warm up. Once the 

player was ready, the accelerometer system was mounted on the player’s knee, 

waist and wrist.  The player was then asked to perform approximately 10 first 

serves to ensure that they felt comfortable with the system and that it was not 

limiting the player’s movements. Each player was then asked to serve 10 times 

from the deuce side of the court and return to this position at the completion of 
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each serve. The player was then required to wait approximately five seconds 

before starting the next serve. This time delay allowed for recognition of the 

serve’s signals (from signals due to other movements) and helped the player focus 

on the next serve. Two digital video cameras (100 frames per second) recorded 

the serve to capture both movement and ball placement, as shown in Figure 5-2. If 

the ball landed in the service box, it was considered an acceptable serve. The 

accelerometer nodes were synchronized with the recorded images by asking the 

player jumping vertically three times prior to the serve. This was necessary to 

determine the kinematic action so that specific events such as knee stretch and 

waist rotation could be identified.  

Detecting the Kinematic Chain 

The kinematic sequence can be seen in Figure 5-3 from the timing of the 

events prior to impact. In this figure, time 0 is an impact time.  A, B, C and D 

show maximum backward waist rotation, knee flexion, knee stretch and forward 

waist rotation prior to impact. It is evident that knee flexion and knee full stretch 

in the sagittal plane occur around 0.156 seconds (point B) and 0.052 seconds 

(point C) prior to impact, respectively. Waist rotation begins in the transverse 

plane about the frontal-horizontal axis and reaches its maximum rotation 

(preparation phase) at 0.18 seconds (point A) before impact. The waist rotates 

forward to enable the player to hit the ball and reaches maximum rotation at 

approximately 0.028 seconds (point D) prior to hitting the ball. Finally, impact 

occurs at time 0.  

For this player, it is evident that backward rotation of the waist (in the 

transverse plane) occurs first. Knee flexion follows during the preparation phase 

of the swing. During the forward motion of the serve, the knee is fully stretched 
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first and hence energy is transferred to the waist. Maximum forward rotation of 

the waist (about the frontal-horizontal axis) produces the momentum and power to 

transfer to the hand and produce a serve. Figure 5-3 shows that maximum waist 

rotation occurs after the knee is fully stretched prior to impact. 

 

Figure  5-3. Data collected from the accelerometer sensors attached to the knee 

(leg), waist and hand of a tennis player to detect the kinematic chain during a 

serve. 

 

Forward motion of the serve starts from approximately 0.11 seconds prior to 

impact. This illustrated that during the forward motion of the serve, the order of 

motion starts from the leg (point C), proceeds to the waist (point D) and ends in the 

wrist at impact. This follows the expected kinematic chain and shows how 

accelerometers can be successfully used to detect body motions during the serve. 
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5.2 Skill Assessment 

As shown previously, accelerometers were capable of detecting the kinematic 

chain during the serve action. Therefore, measurement of the serve action makes it 

possible to compare the serves of athletes with different levels of skill. It is 

envisaged that this could be used to give feedback to a tennis player and coach. 

The following section discusses both linear and rotational movements. Section 

5.2.1 (linear movements) describes the use of accelerometer sensor platforms in 

detecting first serve differences between amateur/developmental and sub-elite 

players. Section 5.2.2 (rotational movements) outlines the use of marker based 

techniques as virtual gyroscope sensors to detect the main contributors of the 

serve.  

5.2.1 Linear Movements 

It should be noted that since most of the main contributors to the tennis serve 

are rotational type movements, accelerometers are not the best type of inertial 

sensor to detect these. Therefore, it is necessary to measure the main contributors 

 of the serve to detect skill assessment. This is presented in the following section.  

Thus, the aim of this section of the chapter is to show that accelerometers can be 

used to distinguish between amateur/developmental players and sub-elite players 

and not to classify athletes based upon the main contributors of the serve. 

Methodology 

Four right-handed male tennis players participated in this study. Two were 

amateur/developmental and two were sub-elite. The amateur/developmental 

players were social tennis players with less than 5 years experience. The sub-elite 

players were coaches with more than 20 years experience. The sensor platform, 
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sensor placement and protocol used to collect the data from the athletes were the 

same as those described in section 5.1 to study the kinematic chain. Ethical 

clearance was needed to run the data collection experiment on the athletes. An 

Ethical Clearance certificate was granted for the project (GU Protocol Number 

ENG/04/06/HREC). 

Detecting the Level of Proficiency Using Accelerometers  

Figures 5-4 and 5-5 show selected sensor measurements for players with 

different skill levels. Sub-elite players are denoted P1 and P2 and the 

amateur/developmental players denoted A1 and A2. The selected measurements 

are in the frontal plane around the sagittal-horizontal axis (as shown in Figure 5-4) 

and the forward motion of the waist is in the transverse plane around the vertical 

axis (as shown in Figure 5-5). These figures illustrate that players with different 

levels of skill exhibit different swing patterns.  
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Figure  5-4. Average (dark solid line) and average ± standard deviation (grey 

dashed line) of the hand side motion (in the frontal plane) for two sub-elite and 

two amateur/developmental players. The vertical dashed line indicates impact 

which is shown at time 0 second.  

 

The most indicative motion of the hand can be seen in the side motion around 

the sagittal-horizontal axis.  Differences are evident in the pattern and magnitude 

of the motion for sub-elite and amateur/developmental players. The differences 

are most apparent around the impact time shown as time 0 second. The vertical 

dashed lines indicate the impact time in both Figures 5-4 and 5-5. Since the 

amateur players did not use their waist to generate power to the serve, their side 

motion patterns were completely different from those of the sub-elite players. A 

comparison of the two amateur players revealed that A2’s swing pattern is a lot 
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different from A1’s swing pattern and closer to the swing patterns of P1 and P2. 

In other words, the back swing and forward swing of the racquet was apparent in 

A2’s serve action. There was also a significant difference in acceleration 

magnitude between the amateurs and sub-elite players around the time of impact. 

As shown in Figure 5-4, the acceleration magnitude of the hand of the sub-elite 

players was approximately 10 g to 15 g around impact. The acceleration 

magnitude for the amateur players was approximately 2 g to 4 g. 

 

 

Figure  5-5. Average (dark solid line) and average ± standard deviation (grey 

dashed line) of the waist forward motion (in the horizontal plane) for two sub-

elite and two amateur/developmental players. The vertical dashed line indicates 

impact which is shown at time 0 second. 

 

As shown in Figure 5-5, the forward waist motion about the vertical axis also 

differed between the sub-elite and amateur players.  The forward motion of the 
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waist is linked to the rotation of the waist in the service motion. The rotation 

pattern varied between the sub-elite players and the developmental players. Figure 

5-5 shows that for the amateur/developmental players there was either no rotation 

(player A2) or some rotation at the wrong time (player A1). As can be seen in 

Figure 5-5, Player A1 reaches maximum waist rotation 0.2 seconds prior to impact 

as opposed to Player P1 and P2 whose maximum waist rotations occur at time         

-0.02 second and 0.09 second respectively. As a consequence, Player A1’s energy 

could not be completely transferred to the racquet through the kinematic chain. 

As evident in Figure 5-5, player A2 did not rotate his waist to create the 

kinematic chain to produce the serve. Player A1 rotated his waist but at the wrong 

time. This player rotated around the vertical axis and paused prior to impact. This 

can break the kinematic chain and leads to a reduction in power transferred to the 

upper extremity. In contrast, the full waist rotation in the transverse plane occurred 

around the time of impact for the sub-elite players.  

Repeatability is another key feature that may be used to classify athletes. The 

grey lines in Figures 5-4 and 5-5 show the standard deviation for each player. As 

shown, the sub-elite players had less variability through the whole swing than the 

developmental players. This indicates that the sub-elite players were more 

consistent in their service and their action was more controlled. It should be noted 

that the standard deviation alone could not be used to detect the correct motion as a 

player might consistently repeat a bad habit. Therefore, both the standard deviation 

and the average of the swing pattern can be used to determine an athlete’s level of 

proficiency.  

Since upper arm internal rotation, wrist flexion and shoulder rotation contribute 

most to the production of a powerful first serve, skill assessment and improvement 
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can be carried out by measuring these parameters.  The following section presents 

and discusses the rotational components of the serve (including upper arm internal 

rotation, wrist flexion and shoulder rotation) as a tool for skill assessment. Due to 

the nature of rotational movements, gyroscopes (rather than accelerometers) are 

required to determine the motion. However, at the time of this research the 

gyroscopes were limited in measuring fast motions. The marker based methods 

used to measure angular velocity were adopted instead to assess the main 

contributors to the serve. These markers have previously been discussed in 

Chapters 3 and 4. 

5.2.2 Rotational Movements 

In this section, the discussed techniques to calculate upper arm internal 

rotation, wrist flexion and shoulder rotation as the main contributors [5, 6] to a 

fast serve will be measured. The peak values of the calculated components 

between the maximum knee flexion and impact are used to assess four tennis 

players with different skill levels. 

Methodology 

Four right-handed male tennis players were studied in this experiment.  They 

included one amateur (social tennis player with less than 4 years experience), two 

sub-elite players (both coaches with 17 years tennis playing experience) and one 

elite player (coach and a national player). Ethical clearance (GU Protocol Number 

ENG/04/06/HREC) was obtained to collect data from the athletes. 

The Vicon motion capturing system, using the standard Plug-in-Gait model, 

was used and optical markers were attached to the upper body of each subject. 

Marker trajectories were required to develop the marker based technique to 
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calculate upper arm internal rotation, wrist flexion and shoulder rotation. The 

placement of markers with respect to the standard Plug-in-Gait model was shown 

in the previous chapter (Figure 4-1a). Eight MX infrared cameras were calibrated 

according to the manual and used to record the data at 100 frames per second. The 

location of the MX cameras with respect to the player is shown in Figure 5-6. 

 

Figure  5-6. Location of eight MX cameras around a subject in the Vicon 

laboratory. 

 

Protocol 

The subjects were asked to serve to a target region representing the area where 

the ball would land in the service box. If the ball landed outside the region it did 

not count as a successful serve. This corresponded to the area needed to serve the 

ball into the service box. Thirty successful first serves were collected from each 

player for analysis. Since different tennis racquets can have different effects on 

the serve [7], all players used the same tennis racquet during the experiment.  
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The MBVG (described in Chapter 3, section 3.2.1) and the marker based 

algorithms (described in Chapter 4, sections 4.2.2 and 4.2.3) were used to calculate 

upper arm internal rotation, wrist flexion and shoulder rotation during the first 

serve.  

To calculate the forward racquet head speed, two markers (M1 and M2) were 

attached to the sides of the racquet head so that the median point of the two 

markers could define point C as the centre of the racquet head (as shown in Figure 

5-7). It should be noted that throughout this chapter, the term “racquet head speed” 

is equivalent to the term “forward racquet head speed” and was used instead. The 

horizontal component of the centre point of the racquet head (forward motion) was 

extracted to calculate the linear forward racquet head speed. The linear velocity of 

the extracted centre point was calculated by differentiating the position of point C 

over time.  

 

Figure  5-7.  Markers M1 and M2 attached to the sides of the racquet head. The 

centre point C is also shown. 
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Results  

The focus of this section is to present results to show how athletes can be 

assessed with respect to the peak values of their main contributors during the first 

serve (prior to impact). Both the angular and linear velocities of upper arm 

internal rotation, wrist flexion and shoulder rotation were calculated. In the 

following graphs Subject 1 was an amateur player, Subjects 2 and 3 were sub-elite 

players and Subject 4 was an elite player.  

 

(a)                                                               (b) 

 

(c) 

Figure  5-8. Mean values  standard deviations of the collected trials for the 

angular velocity of (a) upper arm internal rotation; (b) wrist flexion; and (c) 

shoulder rotation versus racquet head speed. Subject 1 was an amateur player, 

Subjects 2 and 3 were sub-elite players and Subject 4 was an elite player. 
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Figures 5-8a, 5-8b and 5-8c show the mean values   the standard deviation of 

the angular velocity data collected for upper arm internal rotation (54% 

contribution), wrist flexion  (31% contribution) and shoulder rotation (10% 

contribution) with respect to racquet head speed during the first serve for all 

subjects. The results from Figure 5-8 is summarized in the following table. 

 

Table  5-2. Mean and standard deviation values of the angular velocity of the 

upper arm internal rotation, wrist flexion and shoulder rotation of athletes. 

Subject 1 was an amateur player, Subjects 2 and 3 were sub-elite players and 

Subject 4 was an elite player. 

 Upper Arm  

Angular velocity 

Mean (SD) 

(rad/s) 

Wrist Flexion 

 Angular velocity 

Mean (SD) 

(rad/s) 

Shoulder Rotation 

Angular Velocity 

Mean (SD) 

(rad/s) 

Subject  1 16.3(2.7) 3.9(0.5) 4.9(1.2) 

Subject  2 32.6(3.5) 10.2(0.6) 10.2(0.7) 

Subject  3 34.2(4.8) 9.0(1.1) 12.38(1.1) 

Subject  4 66.2(9.5) 16.9(2.1) 20.9(2.0) 

  

As evident in Table 5-2, the mean values and standard deviations for the 

angular velocities of upper arm internal rotation, wrist flexion and shoulder 

rotation are different for athletes with different levels of proficiency. For instance, 

the upper arm internal rotation angular velocity of Subject 2 (mean = 32.6, std = 

3.5) is greater than that of Subject 1 (mean = 16.3, std = 2.7) and is smaller than 

that of Subject 4 (mean = 66.2, std = 9.5). In addition, the wrist flexion angular 

velocity of Subject 2 (mean = 10.2, std = 0.6) is greater than that of Subject 1 

(mean = 3.9, std = 0.5) and is smaller than that of Subject 4 (mean = 16.9, std = 

2.1). Finally, the shoulder rotation angular velocity of Subject 2 (mean = 10.2, std 
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= 0.7) is greater than that of Subject 1 (mean = 4.9, std = 1.2) and is smaller than 

that of Subject 4 (mean = 20.9, std = 2.0). The t-test was performed with the data 

collected from Subjects 1 and 2 for all rotations (upper arm internal rotation, wrist 

flexion and shoulder rotation). The p value was (p < 0.001).  The same results (p < 

0.001) were achieved when the t-test was performed with the data collected from 

Subjects 2 and 4 for all rotations (upper arm internal rotation, wrist flexion and 

shoulder rotation). 

 

 

(a)                                                             (b) 

 

(c) 

Figure  5-9. Mean values   standard deviations of the collected trials for the 

linear velocity of (a) upper arm internal rotation; (b) wrist flexion; and (c) 

shoulder rotation versus racquet head speed. Subject 1 was an amateur player, 

Subjects 2 and 3 were sub-elite players and Subject 4 was an elite player. 
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Figures 5-9a, 5-9b and 5-9c illustrate the mean values   standard deviations 

of the linear velocity data collected for upper arm internal rotation, wrist flexion 

and shoulder rotation with respect to racquet head speed during the first serve for 

all subjects. Like angular velocity, the mean values   standard deviations for the 

linear velocities of upper arm internal rotation, wrist flexion and shoulder rotation 

are different for athletes with different levels of proficiency. The results from 

Figure 5-9 is summarized in the following table. 

 

Table  5-3. Mean and standard deviation values of the linear velocity of the upper 

arm internal rotation, wrist flexion and shoulder rotation of athletes. Subject 1 

was an amateur player, Subjects 2 and 3 were sub-elite players and Subject 4 was 

an elite player. 

 Upper Arm  

Linear velocity 

Mean (SD) 

(m/s) 

Wrist Flexion 

 Linear velocity 

Mean (SD) 

(m/s) 

Shoulder Rotation 

Linear Velocity 

Mean (SD) 

(m/s) 

Subject  1 5.9(1.0) 1.8(0.2) 0.8(0.2) 

Subject  2 11.9(1.2) 5.2(0.3) 1.6(0.1) 

Subject  3 12.1(1.7) 4.5 (0.6) 2.1(0.1) 

Subject  4 23.7(3.3) 9.1(1.1) 3.0(0.3) 

 

As can be seen in Table 5-3, the upper arm internal rotation linear velocity of 

Subject 2 (mean = 11.9, std = 1.2) is greater than that of Subject 1 (mean = 5.9, 

std = 1.0) and is smaller than that of Subject 4 (mean = 23.7, std = 3.3). The wrist 

flexion linear velocity of Subject 2 (mean = 5.2, std = 0.3) is greater than that of 

Subject 1 (mean = 1.8, std = 0.2) and is smaller than that of Subject 4 (mean = 9.1, 

std = 1.1). Finally, the shoulder rotation linear velocity of Subject 2 (mean = 1.6, 

std = 0.1) is greater than that of Subject 1 (mean = 0.8, std = 0.2) and is smaller 
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than that of Subject 4 (mean = 3.0, std = 0.3). The t-test was performed with the 

data collected from Subjects 1 and 2 (for upper arm internal rotation, wrist flexion 

and shoulder rotation) and the p value was (p < 0.001).  The same results (p < 

0.001) were achieved when the t-test was performed with the data collected from 

Subjects 2 and 4 (for upper arm internal rotation, wrist flexion and shoulder 

rotation). 

In Figures 5-9a, 5-9b and 5-9c clear bands can be seen between the main 

contributors to the serve and racquet head speed.  For each banding, a relationship 

is evident between each main contributor and racquet head speed. The bands show 

that racquet head speed increased as the skill level of the players increased. Upper 

arm internal rotation, wrist flexion and shoulder rotation also increased as the skill 

level of players increased. This was also confirmed in the literature [6].  For 

instance, Subject 4 (elite player) had higher peak values than Subject 1 (amateur 

player). The peak values from Subjects 2 and 3 are higher than those of Subject 1 

and lower than those of Subject 4.  

Distinct clustering can be seen about the different skill levels. In Figures 5-8 

and 5-9, the lower cluster belongs to an amateur player, the middle cluster relates 

to the sub-elite players and the top cluster corresponds to the elite player. Such 

clustering was also expected because elite players generated more racquet head 

speed. This meant that upper arm internal rotation, wrist flexion and shoulder 

rotation also increased since they contributed approximately 85% to racquet head 

speed at impact. According to these results athletes can be assessed and classified 

with respect to the peak of angular and linear velocity of upper arm internal 

rotation, wrist flexion and shoulder rotation respectively prior to impact. 
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5.3 Towards a Skill Improvement Method 

The previous section demonstrated that racquet head speed (as a function of 

the peak of upper arm internal rotation, wrist flexion and shoulder rotation) is a 

clear indicator of tennis skill. This section describes a possible method for skill 

improvement. Scatter plots for upper arm rotation and wrist flexion (as dependent 

variables) and racquet head speed (as an independent variable) are shown in 

Figure 5-10. Figures 5-8 and 5-9 showed well separated clusters between athletes 

with different skill levels. Therefore, categories of athletes (amateur, sub-elite and 

elite) will be presented in the remainder of this thesis, instead of individual 

subjects.

 

Figure  5-10. The line of improvement as a function of upper arm internal rotation, 

wrist flexion and racquet head speed. Well separated clusters for different skill 

levels are shown. 

 



125 

 

Upper arm internal rotation and wrist flexion were chosen as dependant 

variables because of their contribution effects and importance to maximum racquet 

head speed after maximum knee flexion in the first serve. As shown in Figure 5-

10, there is well separated clustering for different skill levels. According to the 

shape of the scatter data, a straight line can be fit to the data. The least squared fit 

technique was applied to create the fit line ( 89.02 R ).  The equation of the fit 

line is: 

t
zyx










65.9

94.20

04.19

45.5

90.30

19.18
                                                                (5-1)     

Where 

x: is upper arm internal rotation 

y: is wrist flexion 

z: is racquet head speed 

As shown in Figure 5-10, higher values on the line correspond to more skilful 

athletes. For instance, low racquet head speed, upper arm and wrist values 

belonged to the amateur player right at the bottom of the line. Those values 

increased for sub-elite players and the highest values corresponded to the elite 

players. The line shows a progression from amateur to sub-elite to elite thus it is 

possible to consider this as a line of improvement. It indicates that the higher one is 

on the line, closer to the professional serve. This line is not the line of “best 

technique” but indicates a traversal path that can be followed to enable a player to 

improve from amateur to elite.  It should be noted that this line is generated from 

the available population of athletes and could be enhanced with a greater number 

of players and serves. However, the line is still an indicator of skill improvement. 
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 All athletes have different needs, so the different requirements of athletes at 

different levels dictate how the line should be used. It is the responsibility of 

coaches and sport scientists to interpret the results and provide the relevant 

feedback to a player.   Figure 5-11 shows how the line of improvement can be used 

for the 3D case. Data point P1 represents the racquet head speed, wrist flexion and 

upper arm internal rotation of a player during the first serve. The collected data 

point (P1) is mapped onto the line of improvement to give point P2. P2 is obtained 

in such a way that both points (P1 and P2) have the same racquet head speed. 

 

Figure  5-11. Suggested method for using the line of improvement. P1 is a new 

collected data point. P2 is the mapped version of P1 where both P1 and P2 have 

the same racquet head speed. d  is the distance vector between P1 and P2. 

 

The components of the distance vector d  between P1 and P2 can identify how 

much improvement is needed in upper arm rotation and wrist flexion in order to 
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approach the line of improvement (as shown in Figure 5-11). Once the athlete has 

approached the line, it is possible to progress further up the line to obtain a higher 

skill level. The ability to traverse the line may be limited by the physiology of the 

player, which may prevent him/her traversing further. 

As shown in Figure 5-12, the movement of a player on the line of improvement 

from point A to point D can be modeled like a staircase. In this case, the player 

might need to progress through some intermediate points (a, b, c) prior to 

approaching point D. In this model, the points indicated by the lower case letters 

(a, b, c) represent the assessment points. The performance of an athlete was 

assessed based upon the peak values of the angular velocity of his/her main 

contributors and compared against the line of improvement. 

The dark lines in this model indicate the feedback vectors. These determine the 

amount of change required in the angular velocity of the main contributors for an 

athlete to approach the line of improvement. Once the athlete reaches the line, s/he 

needs to improve her/his serve to progress further up the line. An athlete could not 

necessarily go straight from point A to point D due to skill level and fitness issues. 

It is a gradual traverse. 

Assuming the next destination for the athlete is moving from point A to point 

B, his/her upper arm internal rotation and wrist flexion need to be improved based 

on the knowledge of the AB  vector components. Since the athlete may not be able 

to modify his/her serve accurately enough (based upon the values of the AB

vector) to stay on the line, s/he might end up at point b instead of point B.  The 

dashed lines represent the learning vectors and indicate the distance between point 

A and point b (and the general distance between upper case letter points and lower 
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case letter points).  The learning vectors indicate how much the athlete has learnt in 

order to improve his/her serve to progress further up the line. The same scenario 

can be considered for an athlete’s traverse from point B to point C to point D. 

 

Figure  5-12. A staircase model showing the traversal from point A to point D on 

the line of improvement. Points a, b, c and d are the intermediate points between 

points A to D. Lower case letters represent the assessment points, the dark lines 

represent the feedback vectors and the dashed lines represent the learning 

vectors. 

 

It is difficult to determine racquet head speed through the use of the sensors. 

Therefore, it is necessary to show that skill assessment and improvement are still 

feasible in the absence of racquet head speed. It is possible to remove the 



129 

 

dependence on racquet head speed and still see banding and separate clustering.   

This is described in the following section.    

5.3.1 Removing Racquet Head Speed Dependence 

Figures 5-8 and 5-9 have shown that a linear relationship exists between the 

peak of the angular velocity of each main contributor (upper arm internal rotation, 

wrist flexion and shoulder rotation) and racquet head speed. This means that the 

values of the contributors increased as racquet head speed increased. Therefore, it 

is possible to remove racquet head speed and define the line of improvement in  2D 

(instead of 3D) by using only upper arm and wrist data.  This is illustrated in 

Figure 5-13a.  This figure shows the relationship between upper arm and wrist data 

and skill level. According to the shape of the data, a straight line was fit to the data 

(direction vector 5.16,101 dV , 85.02 R ). It shows that the line of improvement 

is valid in the absence of racquet head speed. Like the 3D case, the line of 

improvement (direction vector 44.11,05.9,9.372 dV , 87.02 R ) can be defined 

in 4D by including shoulder rotation as another dependent variable. It can be 

reduced to the 3D case by removing racquet head speed, as shown in Figure 5-13b.  

This figure shows that the line of improvement can be defined by using data from 

the three main contributors (upper arm rotation, wrist flexion, and shoulder 

rotation) in the absence of racquet head speed.  
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(a) 

 

(b) 

Figure  5-13. Use of a line of improvement in the absence of racquet head speed 

by using (a) upper arm and wrist data; and (b) upper arm, wrist and shoulder 

data.  
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The linear relationship between the three main contributors and skill level is 

clearly shown in Figure 5-13b. Therefore, skill assessment and improvement can 

be done without knowing the values for racquet head speed. 

5.4 Summary and Conclusion 

The use of accelerometers and marker based techniques for skill assessment 

was investigated. The first section of this chapter showed that the kinematic chain 

could be detected during the serve action by using three accelerometer nodes on 

the wrist, waist and knee of athletes. 

The second section focused on skill assessment. The linear movement section 

demonstrated that waist forward motion and wrist side-forward motion are the 

most indicative parameters for skill assessment using the accelerometer sensors. 

In addition, the accelerometer sensors were useful in testing the service 

consistency of sub-elite players. 

The rotational movement section of this chapter discussed how athletes were 

assessed according to the measurements of the main contributors between the 

point of maximum knee flexion and the point of impact during the first serve. The 

trajectory of marker positions on the upper body (with respect to the Vicon Plug-

in Gait model) were used to develop the marker based methods to calculate the 

angular velocity of each main contributor to the serve. The peak values of the 

angular velocities for upper arm internal rotation, wrist flexion and shoulder 

rotation were calculated for athletes with different skill levels.  These values were 

plotted and compared with racquet head speed. Clear banding and well separated 

clustering was shown for different skill levels.  
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The third section of this chapter discussed the line of improvement as a 

possible aid for skill improvement. The line was the best fit through the clusters 

obtained from the available population and indicated the path of improvement 

from amateur to elite. The distance vector between any new collected data and the 

mapped data on the line contained vector components (information) on how to 

improve a deficiency. It was also shown that due to the linear relationship 

between racquet head speed and all three main contributors (upper arm internal 

rotation, wrist flexion and shoulder rotation), skill assessment/improvement could 

be apparent without the use of racquet head speed data. 

A close relationship existed between the marker based method and the 

gyroscope sensors on the upper arm, chest and hand of a player (Chapters 3 and 4). 

Thus, fast gyroscopes can be attached to athletes to aid skill assessment and 

improvement during tennis serves. 

Overall, this chapter has suggested the use of gyroscope and accelerometer 

sensors as wearable devices to assess and improve the first serve of tennis players. 

These sensors enable athletes with different skill levels to be monitored, assessed 

and improved while on the tennis court, instead of in laboratories. Real time (or 

close to real time) feedback can be obtained on the court during training sessions. 

Since the gyroscope sensor technology is inexpensive compared to other 

technologies, many players of varying abilities could benefit from its use. 
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Chapter 6  

 

This thesis has demonstrated that wearable sensor technology could enhance 

the assessment and improvement of tennis players with different skill levels. The 

serve was identified as suitable for this technology since it has the highest 

influence (among all the strokes) on the outcome of the game. 

Due to the angular movements of the main contributors to the serve and the 

lack of availability of high rate MEMS gyroscopes at the time of the research, a 

novel marker based virtual gyroscope was developed.  This was used to calculate 

the main contributors to the serve and assess player performance.  This novel 

technique was developed using the position of three markers on any solid segment 

of a player’s body. The technique was verified by a pendulum swing test (Chapter 

3, section 3.3.1) and a set of controlled upper arm internal rotations, in various 

body positions (Chapter 3, section 3.3.2.2), using the Vicon system. A correction 

surface was also developed to minimize the error associated with the shoulder 

joint movement during the serve. 

This technique was applied to the markers attached to the upper arm according 

to the Plug-in Gait model (Chapter 3, section 3.3.2) to calculate upper arm internal 

rotation during tennis serves. Other vector based techniques were also used to 

Conclusions and Summary
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calculate wrist flexion and shoulder rotation. Skill assessment of athletes with 

varying abilities was also 

 

investigated by using accelerometer sensors and the calculated values of the main 

contributors during tennis serves.   

6.1 Calculating the Main Contributors to the 

Tennis Serve  

The main contributors to the tennis serve including upper arm internal 

rotation, wrist flexion and shoulder rotation were calculated. Upper arm internal 

rotation was calculated based upon the MBVG method described in Chapter 3. 

The other two contributors (wrist flexion and shoulder rotation) were calculated 

using vector based mathematical techniques as described in Chapter 4. Due to the 

limitations of the MEMS technology, MEMS gyroscopes capable of measuring 

rotations up to 2100 deg/s were not developed at the time of the PhD candidature. 

Therefore, the validity of the calculated values was verified against the gyroscope 

sensors attached to the body during a slow motion serve action. A close 

relationship was evident between the outcome of the novel techniques and those 

from gyroscope sensors. This indicates that wearable gyroscope sensors can be 

used to capture the main contributors to the tennis serve once the high rate 

gyroscopes are developed.  

6.2 Skill Assessment  

Initially, accelerometer sensors were employed to detect the kinematic chain 

during the tennis serve and to distinguish the level of proficiency between the 
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amateur-developmental and sub-elite players. It was found that hand movement in 

the frontal plane, around the sagittal-horizontal axis, and the forward motion of 

the waist in the transverse plane, around the vertical axis, are the clear differences 

between the amateur-developmental and sub-elite players.  

Skill assessment was mainly investigated using the developed marker based 

virtual gyroscope techniques. Both the angular and linear velocity of upper arm 

internal rotation, wrist flexion and shoulder rotation indicated that athletes with 

higher skill level produce more angular and linear velocity and hence produce 

higher racquet head speed. In addition, clear data clustering was observed for 

athletes with different skill levels.  

The idea of the line of improvement was developed as a method of improving 

a player’s skill. Although it is the responsibility of coaches and sports scientists to 

interpret the line of improvement, the use of the line as a tool for skill 

improvement was discussed in this thesis. It was also shown that skill 

improvement could be achieved without knowledge of racquet head speed values.   

6.3 Future Work 

Future research in this area could focus on the following:  

1. Increasing the number of athletes in the sample:  One of the major 

limitations of this study was the small number of subjects (N < 5). Data 

from additional athletes would help define the line of improvement 

more accurately.  

2. Assessing the players on the field: Once the high rate gyroscopes are 

developed, upper arm internal rotation, wrist flexion and shoulder 

rotation of athletes need to be measured on the tennis court. By 
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measuring those variables on the court, athletes can be assessed in the 

playing environment in real-time or close to real-time.  

3. Reducing the number of sensors: The suggested sensor placement 

configuration currently includes three sensor nodes on the upper arm, 

chest and hand of a player. It would be ideal if the number of sensors 

were reduced to one, possibly on the grip of the tennis racquet. This 

would reduce the cost of the system and improve athlete comfort.  

 

This research has demonstrated the feasibility of using inertial sensors to 

monitor tennis players’ serves during a game or while training. It has also 

demonstrated novel techniques to measure the main contributors to the tennis 

serve. The consistency shown between the output of the developed techniques and 

the outputs of the gyroscope sensors has clear benefits to athletes. It enables 

athletes of different levels to be assessed by wearing the light, inexpensive MEMS 

inertial sensors on the tennis court (real environment) in close to real-time. In 

addition, the developed marker based technique can be applied to measure the 

angular velocity of any body segment of a player in other sporting activities such 

as golf, cricket, baseball and soccer.  
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Development of inertial and novel marker-based techniques and 

analysis for upper arm rotational velocity measurements in tennis 

 

Amin Ahmadi1,2, David Rowlands 1and Daniel Arthur James1,2 

1 Centre for Wireless Monitoring and Applications, Griffith University, Australia 

2 Centre of Excellence for Applied Sport Science Research, Queensland Academy 

of Sport, Australia 

Abstract:  

This paper examines three methods to measure the upper arm rotation; the 

main contributor to produce a fast first serve in tennis. Accepted videography 

techniques were compared with a novel inertial gyroscope system and marker- 

based technique. A network of two inertial sensors on the upper arm and the chest 

was used to measure upper arm rotation angle and remove body artifacts. A 

marker-based virtual gyroscope (MBVG) was derived from Vicon marker 

positions in the standard Plug-in-Gait model using a vector-based method of 

marker trajectories and a series of geometric transformations. The results indicate 

that there is a close temporal feature match for all three methods when applied to 

the tennis serve. This paper shows that gyroscopes as well as the MBVG can be 

advantageous for tennis serve assessment. 

Keywords: Tennis. Serve. Inertial sensors. Videography. Gyroscope. 
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A.3 Book Chapter  
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A.4 The Proceedings of the 5th International IEEE Sensors 

conference 
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A.5 The 17th National Australia Institute of Physics (AIP) 

 

Investigate the open kinematic model for tennis swing using 
networked sensors 

 

Amin Ahmadi1,2, David Rowlands 1and Daniel Arthur James1,2 

1 Centre for Wireless Monitoring and Applications, Griffith University, Australia 

2 Centre of Excellence for Applied Sport Science Research, Queensland Academy 

of Sport, Australia 

 

Abstract: 

Kinematic analysis of human movement is usually performed by the use of 

optical motion analysis systems. However, these systems are very expensive and 

the use of such systems is restricted inside the laboratory. Also, the calibration 

process is usually a very time consuming task. Therefore, this system is often 

impractical for analysis of athletes on a training or competition fields. In this 

paper, a tri-axial accelerometer based system is described and used to evaluate 

tennis swing during serve. Athletes were asked to perform serves on the deuce 

side with a few seconds pause between the serves. Three different sets of MEMS 

accelerometers were attached on the wrist, waist, and knee of a tennis player. 

Synchronized video images were also available for validation and better analysis. 

In this study, we focused on the open kinematic of the tennis serve in a wide range 

of athletes. The consistency and repeatedly of the acceleration pattern as well as 

the timing sequence was consistent in differing levels of skill in tennis players. 

However, different acceleration patterns and synchronized motion are observed 

for the novice players. 
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A.6 The 8th Asics Conference of Science and Medicine in 

Sport 

 
 
Deriving the upper arm rotation from Vicon to enhance the first 
serve in tennis  

 

Amin Ahmadi1,2, David Rowlands 1and Daniel Arthur James1,2 

1 Centre for Wireless Monitoring and Applications, Griffith University, Australia 

2 Centre of Excellence for Applied Sport Science Research, Queensland Academy 

of Sport, Australia 

 

Abstract: 

Brief introduction: Upper arm rotation is a major contributor (> 53%) to the 

speed of a first serve in tennis. The Plug in Gait does not calculate the upper arm 

rotations. Therefore, a technique is required which will use the standard Plug in 

Gait marker placements. The aim of this study was to find a vector-based model 

to calculate the upper arm rotation angle. Methodology: The model was 

developed using the trajectory of six markers on the upper arm, shoulder and 

pelvis in each Vicon frame. A protocol was developed to collect required data 

from the Vicon for angle validation. The protocol consisted of a predefined range 

of motions involving shoulder abduction, shoulder flexion and limb rotation for 

various trunk positions. A case study of 70 trials and 10 repetitions for each trail 

has been investigated in this paper. Discussion and results: The model calculates 

the rotation angle based upon a local coordinate system. The upper arm plane in 

each frame is translated and rotated to the initial upper arm plane (frame one) 

which aligns the upper arm to an axis. The Euler angle around that axis is the final 
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upper arm rotation. It was found that in some conditions variations in the marker 

positions led to some inaccuracies. This variation was accounted for by applying a 

surface correction technique. Applying the surface correction reduces the error 

from (Mean = 33 degrees, Stdev=23.7) to (Mean = 8 degrees, Stdev=7.4). 
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B.1 Function to design the virtual sensor position and 

orientation 

 

function [xn yn zn SP] = VSensor ( m1, m2, m3, pos1, pos2 ) 

 

% Finding a sensor position on a rigid body 

b=pos1; 

c=pos2; 

i=1; 

for j=1:length(m1) 

SP(i,:) = ( b*m1(j,:) + (1-b)*(c*m3(j,:)+(1-c)*m2(j,:))); 

SPN(i,:) = ( (b-.1)*m1(j,:) + (1-(b-.1))*(c*m3(j,:)+(1-c)*m2(j,:))); 

SPA(i,:) = ( b*m1(j,:) + (1-b)*((c+.1)*m3(j,:)+(1-(c+.1))*m2(j,:))); 

i=i+1; 

end 

 

% Calculating the Orientation of x,y and z 

for i=1:length(m1)-1 

z(i,:) = SPN(i,:) - SP(i,:); 

 i=i+1; 

end 

Appendix B   Sample MATLAB 
Code 
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 %Normalizing the z axis 

for i=1:length(z) 

zn(i,:)= z(i,:)/ sqrt( z(i,1)^2 + z(i,2)^2 + z(i,3)^2); 

end 

% vector from shoulder to underneath sensor 

for i=1:length(m1) - 1 

vec(i,:) = SPA(i,:) - SP(i,:) ; 

end 

 

% Now transpose this onto z_n to get length of crossover 

for i=1:length(vec) 

mag(i) = sum ( vec(i,:) .* zn(i,:), 2 ) ; 

magV(i,:) = mag(i) * [ 1 1 1 ] ; 

cr(i,:) = SP(i,:) + magV(i,:) .* zn(i,:) ;  % crossing point on z-axis for y-axis 

calculation 

y(i,:) = SPA(i,:) - cr(i,:) ; 

end 

 

%Normalizing the y axis 

for i=1:length(y) 

yn(i,:)= y(i,:)/ sqrt( y(i,1)^2 + y(i,2)^2 + y(i,3)^2); 

end 
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% Handling the NaN cases 

for i=1:length(y) 

if(isnan(yn(i,:))==[1 1 1]) 

yn(i,:)=yn(i+1,:); 

end 

end 

xn= cross(zn,yn); 

 

B.2 Function to determine upper arm internal rotation 

 

function [Phi Theta Psi, rms] = InternalRot ( RSHO, RUPA, RELB, pos1, pos2 ) 

 

for i=1:length(RSHO) 

% Find Centroids   

Cent(i,:) = (RSHO(i,:) + RUPA(i,:) + RELB(i,:))/3; 

RSHO_Org(i,:) = RSHO(i,:)-Cent(i,:); 

RUPA_Org(i,:) = RUPA(i,:)-Cent(i,:); 

RELB_Org(i,:) = RELB(i,:)-Cent(i,:); 

end 

%  Obtaining the position and orientation of a virtual sensor on upper arm 

[xn yn zn SP] = VSensor (RSHO_Org, RUPA_Org, RELB_Org, pos1, pos2); 

 

for i=1:length(yn) 

u(i) = zn(i,1); 

v(i) = zn(i,2); 
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w(i) = zn(i,3); 

a(i) = sqrt(u(i)^2 + v(i)^2); 

b(i) = sqrt(u(i)^2 + v(i)^2 + w(i)^2); 

Rxz = [ u(i)/a(i) v(i)/a(i) 0; -v(i)/a(i) u(i)/a(i) 0; 0 0 1 ]; 

Rxz2z = [w(i)/ b(i) 0 -a(i)/b(i); 0 1 0; a(i)/b(i) 0 w(i)/b(i)]; 

zn(i,:) = Rxz2z*Rxz*[ u(i); v(i); w(i)]; 

xn(i,:) = Rxz2z*Rxz*[ xn(i,1); xn(i,2); xn(i,3)]; 

yn(i,:) = Rxz2z*Rxz*[ yn(i,1); yn(i,2); yn(i,3)]; 

f1= cat(1, xn(1,:), yn(1,:), zn(1,:)); 

fn= cat(1, xn(i,:), yn(i,:), zn(i,:)); 

[RR(:,:,i), d1(i,:), rms(i)] = soder1(f1,fn );  % Determine the rotation matrix 

[Phi(i), Theta(i), Psi(i)] = getEulerAngles2(RR(:,:,i)); % Extract Euler angles 

end 

Phi(i+1)=Phi(i); 

% Convert from radian to degree 

Phi = Phi*180/pi; 

Theta = Theta * 180/pi; 

Psi = Psi * 180/pi; 

 

B.3 Function to determine Euler Angles 

 

function [Phi1, Theta1, Thi1,Phi2, Theta2, Thi2 ] = getEulerAngles2(R) 

 

if ( (R(3,1) ~= 1)| (R(3,1) ~= -1))  

Theta1 = -asin(R(3,1)); 
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Theta2 = pi - Theta1; 

Thi1  = atan2(R(3,2)/cos(Theta1), R(3,3)/cos(Theta1)); 

Thi2  = atan2(R(3,2)/cos(Theta2), R(3,3)/cos(Theta2)); 

Phi1 = atan2(R(2,1)/cos(Theta1), R(1,1)/cos(Theta1)); 

Phi2 = atan2(R(2,1)/cos(Theta2), R(1,1)/cos(Theta2)); 

else 

Phi1 = 0; Phi2 =0; 

delta = atan2(R(1,2),R(1,3)); 

if(R(3,1) == -1) 

Theta1 = pi/2; Theta2= pi/2; 

Thi1 = Phi1 + delta; 

Thi2 = Phi2 + delta; 

else 

Theta1 = -pi/2; Theta2 = -pi/2;  

Thi1 = -Phi1 + delta; 

Thi2 = -Phi2 + delta 

end 

end 
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B.4 Function to determine shoulder abduction and 

shoulder horizontal abduction 

 

function [gamma, rms, alpha] = HAbduction4m ( LSHO, RSHO, RELB, RASI ) 

 

% Defining the required vectors to calculate the abduction angle (Alpha) 

V = RASI - RSHO; 

U = RELB - RSHO; 

% Normalizing the vectors 

V = V ./ [sqrt( sum ( V.^2, 2 )) sqrt( sum ( V.^2, 2 )) sqrt( sum ( V.^2, 2 ))] ; 

U = U ./ [sqrt( sum ( U.^2, 2 )) sqrt( sum ( U.^2, 2 )) sqrt( sum ( U.^2, 2 ))] ; 

for i=1:length(V) 

alpha(i) = mod(atan2(norm(cross(V(i,:),U(i,:))),dot(V(i,:),U(i,:))), 2*pi)*180/pi; 

end 

 

OP1 = RELB ; 

OP2 = RSHO ; 

OP3 = LSHO ; 

 

V11 = OP1 - OP2; 

V22 = OP3 - OP2; 

n = [0 0 1];  % Normal to a horizontal plane 

%   Defining the vectors to create a horizontal plane 

a = [0 0 0]; 

b = [1 0 0]; 
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c = [0 1 0]; 

f1= cat(1, a(1,:), b(1,:), c(1,:)); 

for i=1:length(VP1(:,1)) 

fn= cat(1, LSHO(i,:), RSHO(i,:), RELB(i,:)); 

[RR(:,:,i), d1(i,:), rms(i)] = soder1(f1,fn ); 

t = [RR(:,:,i)*n']'; 

OP1_Proj_t(i,:) = OP1(i,:) - dot(OP1(i,:),t)*t; 

OP2_Proj_t(i,:) = OP2(i,:) - dot(OP2(i,:),t)*t; 

OP3_Proj_t(i,:) = OP3(i,:) - dot(OP3(i,:),t)*t; 

end 

 

VP1 = OP1_Proj_t - OP2_Proj_t; 

VP2 = OP3_Proj_t - OP2_Proj_t; 

cc = cross(VP1, VP2); 

for i=1:length(VP1(:,1)) 

gamma(i) =  sign(cc(i,3))* 

mod(atan2(norm(cross(VP1(i,:),VP2(i,:))),dot(VP1(i,:),VP2(i,:))), 2*pi)*180/pi;    

magV(i) = sqrt(VP1(i,1)^2 + VP1(i,2)^2 + VP1(i,3)^2); 

end 
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Appendix C   Biomechanical 
Tools 

 

C.1 Computing the Rotation Angles (Euler Angles) 

According to Euler's rotation theorem, any rotation may be described using 

three angles. These rotation angles (Euler angles) can be used to analyse the 

movement of various body segments during different sporting activities. For 

instance, calculating the Euler angles to determine upper arm internal rotation is a 

critical step of the entire procedure. This will be presented in more detail in 

Chapter 3.   

In this section a technique to compute all possible three component rotation 

angles (Euler angles) by having the rotation matrix is discussed. Figure 1 shows 

the rotation by   radians around the x axis,   radians around the y axis, and   

radians around the z axis.  

 

Figure 1. Rotation by    radians around the x axis,   radians around the y axis, 

and   radians around the z axis 

 

The following matrices present these rotations respectively.  
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[R] about x(α)= 





















cossin0

sincos0

001

                           

[R] about y(β) =

















 



cos0sin

010

sin0cos

                                                                   (1)                           

[R] about z(γ) = 















 

100

0cossin

0sincos




                             

Since matrix multiplication does not have the commute property, the order of 

the axis rotation will change the final result. The order of rotation for this study 

was rotation around the x axis, y axis and z axis respectively. This can be 

presented in the following matrix.  

[R] about x(α) [R] about y(β) [R] about z(γ) = ][R = 


























coscossincossin

sinsincoscossincossinsinsincoscossincos

sinsinsincoscossincossinsincoscoscos

                  (2) 

The aim is to extract the rotation angles (Euler angles) ,   and   from the 

rotation matrix [R]. In order to extract the Euler angles, it is assumed that the   R  

matrix elements are defined in a general form shown by equation (3). 

 R =

















333231

232221

131211

RRR

RRR

RRR

                                                                                           (3)            

Given a general rotation matrix  R , and equating each element in  R  with the 

corresponding element in the matrix described in equation (2), it is feasible to 

calculate the Euler angles. Angles ,  and   are calculated respectively. 

Computing Beta Angles 
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By comparing equation (2) and equation (3) element by element, it can be 

deduced that: 

sin31 R                                                                                                           (4)          

which is equivalent to:  

)(sin 31
1 R                                                                                                     (5)     

According to the fact that )sin()sin(   , two different values for angle   

can satisfy the equation (5). Those equations are: 

)(sin 31
1

1 R                                                                                                     (6)   

)(sin 31
1

12 R                                                                                   (7)  

When 131 R is a special case and this will be addressed later in this section. 

Until now, it has been shown that by using the R31 element, both possible values 

for  can be computed.    

Computing Alpha Angles 

By using equations (2) and (3), the following equation can be derived: 

tan
33

32 
R

R
                                                                                                           (8)  

Therefore, 

)(tan
33

321

R

R                                                                                                       (9)  

In order to find the correct values for the  angle, it is important to determine 

which quadrant the result is in. Therefore, interpreting equation (9) needs 

consideration of the sign of cos . If 0cos  then )(tan
33

321

R

R . However, if 

0cos  then )(tan
33

321

R

R
  . These equations are valid except when 0cos  . 
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This special case will be dealt with later in this section. It can be seen that the 

calculation of  depends on the values of cos and there were two possible 

values for . Therefore, two possible values for  are expected.  

)(tan
33

321
2,1 R

R
                                                                                               (10)  

Computing Gamma Angles 

Similar to calculating the  angles,   angles can also be calculated. Using 

equations (2) and (3), it can be deduced that
11

21tan
R

R
 , therefore 

   )(tan
11

211

R

R                                                                                                  (11)    

Like the  angle calculation case, the value for  angles depends on the value 

of cos . Since there are two possible values for the   angles, two possible 

values for  are also expected.  

)(tan
11

211
2,1 R

R
                                     (12) 

It is shown that if 0cos  , there are two valid triples of Euler angles (  111 ,, 

and  222 ,,  ) that can reproduce the rotation matrix  R . The remainder of this 

section presents a method for investigating special cases. 

Investigating the Special Cases 

It is necessary to examine and discuss the special cases since these can occur 

during the serve action (due to the complete freedom of rotation). The method 

described above to calculate Euler angles will not be valid if ( 0cos  ). This 

situation corresponds to
2

  . In this situation R11, R21, R32 R33 and R31 are 
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zero. The equations to solve  and   will be )
0

0
(tan 1    which don’t show 

the correct values for  and . Therefore, other elements of the rotation matrix are 

required to calculate the Euler angles. Two separate cases  (
2

  and 
2

  ) 

are discussed below. 

 Case 1:  (
2

  ) 

When  is equal to 90 degrees, some equations can be concluded: 

)sin(sincoscossin12  R                                    

)cos(sinsincoscos13  R                                              (13) 

1322 )cos(coscossinsin RR                            

1223 )sin(cossinsincos RR                        

Therefore, any  and  that can satisfy these equations can be considered 

a valid solution.  Using group equations (13), it can be concluded that: 

     )(tan
13

121

R

R                                                                                     (14)              

 Case 2:  (
2

  ) 

When  is equal to -90 degrees, these equations can be concluded: 

)(sinsincoscossin12  R                               

)cos(sinsincoscos13  R                             

1322 )cos(coscossinsin RR                                  (15)             

1223 )sin(cossinsincos RR                         

By using group equations (15), it can be concluded that: 
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)(tan
13

121

R

R                                                                                  (16)                   

In both cases  and  are dependent on each other. This means that there are 

infinite numbers of solutions for  and . The selected method assigns a value to 

one and computes the other. In this study it is assumed that 0 and the value 

for  is computed.  This is discussed in further detail in Chapter 3.  

C.2 Rigid Body Transformation 

In many biomechanical analyses it is necessary to determine the rigid body 

transformation parameters. These parameters include scale factors, rotation matrix 

and position vectors, and describe the transformation of points from one reference 

frame to another. Scale factor parameters will be used to describe the 

transformation to map frames in different scales. The rotation matrix is often used 

to describe the orientation of a rigid body.  

This technique is discussed in Chapter 3. It will be used to transform the local 

frames of the upper arm to the reference frame of the upper arm to measure upper 

arm internal rotation. 

The purpose of this section is to describe the Singular Value Decomposition 

(SVD) technique to compute the rigid body transformation. The SVD technique 

divides a matrix into three matrices. It will be used to extract the required 

parameters for rigid body transformation.  

The equation to describe the rigid body transformation is:  

yi = s.[R]xi + v                                                                                                (17) 

where  

yi: is the position of the ith point measured in reference frame B 

xi: is the position of the ith point measured in reference frame A 
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s: is the scale factor 

[R]: is the rotation matrix 

v: is the position vector of the origin of reference frame A measured in 

reference frame B ( translation vector) 

To simplify the case it is assumed that the scale factor is equal to unity (this is 

a true assumption and will be discussed in Chapter 3). Therefore, the rigid body 

transformation parameters can be directly used to describe the orientation of the 

given frames relative to the initial frame. Matrix [R] must be an orthonormal 

matrix with the following properties: 

 [R]T[R] = [R][R]T = [R]-1[R] = [I]                                                                (18)                    

det( [R] ) = +1                                                                                                (19)                      

where I is the identity matrix 

Assuming the scale factor is equal to one, (i.e., s =1) equation (17) becomes 

yi = [R]xi + v                                                                                                     (20)                                

The least-square method will be used to obtain the [R] and the v. According to 

this method, the following equation needs to be minimised:  





n

i
ii

T
ii yvxRyvxR

n 1

)]([)]([
1

                                                   (21)                        

where n is the number of non-collinear points in each frame. It must be greater 

than or equal to three )3( n . 

To simplify the equation, v can be eliminated and the two mean vectors can be 

computed: 





n

i
ix

n
x

1

1
                                                                                                  (22)               





n

i
iy

n
y

1

1
                                                                                                  (23)                               
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The v vector can be computed from these last two mean vectors: 

xRyv ][                                                                                               (24)                                  

By substituting equation (34) in equation (31) the result will be: 

)][]([)][]([
1

1

xRyyxRxRyyxR
n ii

T
n

i
ii 


                      (25)                        

The following vectors can be defined to simplify the last equation:  

xxx ii                                                                                                     (26)                                  

yyy ii                                                                                                     (27)                                 

Appropriate substitution of these two vectors and performing basic matrix 

algebra will result in the following equation: 





n

i
ii

T
ii xRyxRy

n 1

)][()][(
1

                                                               (28)                                  

By expanding this equation the next equation will be generated: 





n

i
i

T
ii

T
ii

T
ii

T
i xRxRyxRxRyyy

n 1

)][}]{[}]{[][(
1

(                       (29)                                

Equation (29) can be reduced to the following: 





n

i
i

T
ii

T
ii

T
i xRyxxyy

n 1

)][2((
1

                                                            (30)                                  

The following equivalents also exist: 

i
T

ii
T

i xRyyxR  ][}]{[                            (31)  

T
ii

TT
ii

T
i xxRRxxRxR  ][][][}]{[                                                        (32)                                  

Therefore, minimizing equation (21) is equivalent to maximising the following 

equation: 
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n

i
i

T
i xRy

n 1

)][(
1

                                                                                           (33)                                  

This can be rearranged to the following equation: 

 
 


n

i

n

i

TT
ii

T
i

T
i CRtrxy

n
RtrxRy

n 1 1

])[]([}
1

]{[)][(
1

                          (34)                            

where 

tr: is the trace of a given matrix 

[C]: is the cross-dispersion matrix (correlation matrix) 

The cross-dispersion matrix is computed below: 

.
1

))((
1

][
11




n

i

T
ii

T
i

n

i
i xy

n
xxyy

n
C                                             (35)                                  

The SVD of the [C] is: 

TVWUC ]][][[][                                                                                         (36)                                  

[U], [W]: are orthogonal matrices 

[V]: is a diagonal matrix 

The [U], [W], and [V] matrices contain the singular values of the matrix [C]. 

By substituting the results from the SVD in the previous equation, the new 

equation will be: 

]}.][[][]{[}]][][[]{[]}[]{[ WURVtrVWURtrCRtr TTTTT       (37)                       

A new matrix [Q] can be defined as: 

][][][][ URVQ TTT                                                                                   (38)                                  

Since [V], [R], and [U] are all orthogonal matrices, [Q] must be orthogonal. 

The Euclidean vector norm of the main diagonal of [Q] must be equal or less than 

unity ( 1iiQ ) as a basic property of orthogonal matrices. According to the fact 

that the [W] is a diagonal matrix, only the elements along the diagonal of the [Q] 
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have influence on the results of the equation (38). Therefore, equation (34) is a 

maximum when [Q] is equal to the identity matrix. This means: 

TVUR ]][[][                                                                                             (39)                                  

Matrix [R] is useful to describe the rigid body motion or relative orientation if 

its determinant is equal to +1. If the determinant is equal to -1, the matrix will 

represent a reflection. The following modification accounts for this matter. If the 

SVD of [C] has been computed then ])[]([ CRtr T is maximised when:  

T

T

V

VU

UR ][

)]].[det([00

010

001

][][
















                                                      (40)                                  

Since both the [U] and [V] matrices are orthogonal, their determinants are 

equal to either +1 or -1. For those combinations of [U] and [V]T where the 

determinant of matrix [R] is equal to -1, this intermediate step is necessary. 

Without this correction, the matrix [R] will act as a reflection matrix, which is not 

suitable for determining the rigid body position and transformation purpose.  

C.3 Pearson’s Correlation Test 

 A method is needed to verify whether the two trends (measured and 

calculated) are following the same pattern. This method should be able to 

determine any linear relationship between the measured and calculated results and 

how close this linear relationship is.  

The correlation (linear dependence) between the two variables indicates the 

extent to which the two variables are related. The Pearson Product Moment 

Correlation (also known as Pearson’s correlation or Pearson’s r) indicates the 

degree of a linear relationship between the two variables. A correlation of +1 

indicates a positive relationship, a correlation of -1 suggests a negative 
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relationship and a correlation of 0 means there is no linear relationship between 

the two variables. The Pearson’s correlation test will be used in the next chapters 

to indicate the extent of a linear relationship between the measured and calculated 

trends. 

Pearson's correlation coefficient between two variables is defined as the 

covariance of the two variables divided by the product of their standard deviations 

as shown below  

 
YX

YXCOV
r


,

                                                                                                    (41) 
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1                                                                              (42) 

where  

r: is the Pearson correlation 

n: is the number of samples 

Xi : is the ith element of the variable X 

Yi : is the ith element of the variable Y 

COV(X,Y): is the covariance between the X and Y 

X : is the variance of X 

Y : is the variance of Y 

X : is the mean value of X 

Y : is the mean value of Y 

By substituting the corresponding values of X  and Y and simplifying the 

above equation, the following equation can be derived: 
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Alternatively, the Pearson’s correlation coefficient can be calculated using the 

following formula  
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                                                                               (44) 

where XS and YS are the standard deviations of the X and Y respectively. 

Pearson’s correlation as a measure of the strength of a linear relationship 

between two variables has been shown. However, any relationship should be 

assessed for its significance as well as its strength. The following section 

introduces the significance of Pearson’s correlation. 

C.4 Significance Test 

The aim of performing a significance test is to determine if an obtained 

statistical value is sufficiently different from a hypothesized value (null 

hypothesis). A significance test involves calculating the probability of obtaining a 

statistic as different or more different from the null hypothesis (given that the null 

hypothesis is correct) than the statistic obtained in the sample.  

The significance for the Pearson’s coefficient is calculated using the following 

formulae [75]: 
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                                                                                                          (45) 
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where r is the Pearson’s coefficient and n is the number of pairs of samples in two 

variables. Once the t value is calculated, the two tailed probability value (p value) 

can be extracted from the t-table. If the probability is less than or equal to the 

significance level then the null hypothesis is rejected and the results are 

statistically significant. The choice of the significance level is mainly subjective. 

The lower the significance level, the more the data must diverge from the null 

hypothesis to be significant. Therefore, the 0.01 level is more conservative than 

the 0.05 level. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


