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Abstract 

 
Are we able to predict the flight path of a launched projectile? To a certain extent, yes we are able to 
but there are so many variables and factors to consider in dynamic motion, it is never possible to be 
absolutely one hundred percent sure of a projectiles trajectory, and flight path.  

This project aims to explain sport projectile motion and the effects of drag, lift, spin, bounce, 
wind, has on a tennis ball and how the top tennis players are able to exert spin to create different 
angles and make their window of acceptance larger. Furthermore the fundamental basics of 
projectile motion will be analysed with worked examples using equations formed in the chapters.  

Imagine hitting a tennis ball, the motion of the ball will depend on multiply factors. These 
are the height in which the ball was hit, the impact velocity of the racket thus the power the ball is 
hit with, the velocity of the ball, the weight and diameters of the ball, the surface of the ball, if spin 
was applied, drag, lift, cross, head and tail wind, the initial angle the ball is hit it and so on. One can 
see with all these variables, it becomes clear predicting motion of a projectile is not easy; however 
this project will attempt to do so in the simplest of cases.  
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Introduction  
 
Spinning balls were first studied by Sir Isaac Newton in the 17th century and he noted how a curved 
flight of a tennis ball was exaggerated by spin (LeRoy W. Alaways, 2001).  
 
 ΨψΣ ǿƘŜƴ L ǊŜƳŜƳōŜǊŜŘ ǘƘŀǘ L ƘŀŘ ƻŦǘŜƴ ǎŜŜƴ ŀ ǘŜƴƴƛǎ ōŀƭƭΣ ǎǘǊǳŎƪ ǿƛǘƘ ŀƴ ƻōƭƛǉǳŜ ǊŀŎƪŜǘΣ 
describe such a curve line. For, a circular as well as a progressive motion being communicated to it 
by the stroke, its parts on that side, where motion conspire, must press and beat the contiguous air 
more violently than on the other, and there excite a reluctancy and reaction of the air proportionally 
ƎǊŜŀǘŜǊΦΦΦΩ 
 
 Sir Isaac Newton(1642-1727) (Croft, 1988) 
 
IƻǿŜǾŜǊ ƛǘ ǿŀǎ ƴƻǘ ǳƴǘƛƭ [ƻǊŘ wŀȅƭŜƛƎƘ ǇǳōƭƛǎƘŜŘ Ƙƛǎ ǇŀǇŜǊ Ψhƴ ǘƘŜ ƛǊǊŜƎǳƭŀǊ ŦƭƛƎƘǘ ƻŦ ŀ ǘŜƴƴƛǎ ōŀƭƭΩ ƛƴ 
1877 (Rayleigh, 1868) were it was the first rigorous analysis of spin forces and was the first paper to 
ƛƴǘǊƻŘǳŎŜ Ψ¢ƘŜ aŀƎƴǳǎ 9ŦŦŜŎǘΩΣ ŀǎ ǘƘŜ ŎǊŜŀǘƛƻƴ ƻŦ ǘƘŜ ŦƻǊŎŜΦ {ƛƴŎŜ ǘƘŜƴ Ƴŀƴȅ ǇŀǇŜǊǎ ƘŀǾŜ ǊŜǎŜŀǊŎƘŜŘ 
into the areas of spinning balls and most recently Colin White has investigated in sports projectiles 
and has published his book titled Projectile Dynamics in Sport in 2011. This book has helped this 
project flourish and most of the inspiration for this project has come from this book. 
 The objective of this project is to find out whether or not exerting spin onto a tennis ball will 
give players an advantage and how the top players can create all sorts of angles and shots because 
of top, back and side spin. Consequently how Roger Federer has dominated the game, between 
2004 to 2010.            
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Symbols used 
 
ὃ  Cross-sectional area  
ὥ  Acceleration 
ὅ   Drag coefficient                    
ὅ  Lift coefficient 
Ὡ  Coefficient of restitution (CoR) 
Ὂ  Force 
Ὂ   Drag force 
Ὂ  Lift force 
Ὃ  Universal gravitational constant 
Ὣ  Acceleration due to gravity 
Ὄ  Altitude (above Earth) 
Ὤ  Height 
Ὅ  Moment of Inertia 
ὑ  Kinetic energy 
ὒ  Angular momentum, characteristic length 
ὰ  Length 
ά  Mass 
ὔ  Force acting normal to surface 
ὖ  Power, potential energy 
ὴ  Momentum 
ή   Distance from axis of rotation to centre of percussion 
Ὑ   Range of flight 
ὶ  Distance between two bodies 
►  Position vector 
ί   Displacement 
Ὓ    Maximum distance 
Ὕ   Torque, total time of flight 
ὸ   Time 
ό   Old velocity 
ὺ  Velocity 
ὺ  Velocity of fluid 
ὺ   Launch velocity 
ὡ   Work 
◌   Wind factor 
ὼ   Displacement 
   Angular acceleration 
—   Angle 
—   Launch angle 
—    Optimum angle 
ὯȟὯ   Tait coefficient 
‘   Absolute dynamic fluid velocity 
‘   Coefficient of kinetic friction 
‘   Coefficient of static friction 
”   Fluid density 
   Angle of slope 
Angular velocity    
‡   Kinematic fluid viscosity by ‘”ϳ  
‚   Wind speed 
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‟   Wind coefficient (force 
 
 
 

Chapter 1 ɀ History of projectiles  
 
Before we start to explore the effects of spin has on the flight path of a tennis ball, we shall delve 
back into the past and a take journey to see who were responsible for projectile motion, and look 
into its foundation and its creation.  
 A projectile in the dictionary is defined as a body that is projected by an external force and 
continuing in motion by its own inertia (Anon., 2011). That being said, the science and the study of 
the motion of bodies has been linked to the very beginning of the Universe, ǘƘŜ ǎƻ ŎŀƭƭŜŘ ΨΩōƛƎ ōŀƴƎΩΩΦ 
Cosmologists believe the universe exploded outwards form a singularity with infinite density and 
temperature at a finite time in the past (Wikipedia, 2010). The projectiles of the matter that were 
sent out during the big bang are why our universe looks and is the way it is. After several billion 
years later those sent matter eventually made galaxies, then solar systems with planets orbiting 
around a sun were created, just like our solar system. Since this project will focus on projectiles only 
on this planet, the Earth, which has a gravitational force of around ωȢψράί  Ὣ ωȢψράί
σςȢςὪὸ͵ί. However if this project was being done on another planet, for example say Jupiter, 
where on the surface the gravity is around 2.5 timŜǎ ǘƘŀǘ ƻŦ ǘƘŜ 9ŀǊǘƘΩǎΣ ǘƘŜ ǾŀƭǳŜ ƻŦ  Ὣ would be 
around ςυάί  (Coffey, 2008). Therefore projectiles will behave differently on other planets as the 
amount of gravitational force exerted upon it will ultimately be different.  
 It is evident that motion of objects has fascinated the minds of men from the earliest of 
times, whether it be celestial or terrestrial, mankind has watched, studied, explained, attempted to 
its prediction and been in awe of it. Centuries before the birth Jesus early ancient Egyptians would 
study the motion if the Sun, Moon and stars out of awe and amazement. Consequently they 
determined patters by these heavenly bodies and over a period of many years realised certain 
terrestrial occurrences, such as floods and seasons that coincided with the events in the sky. 
Therefore the Egyptians learned to watch the sky very carefully to predict the future occurrences 
and thus the early calendar was created (Croft, 1988). 
 The earliest example of a sports projectile on Earth would probably be with our distant 
ancestors, the cave dwellers, who would have thrown stones in battle to gain dominance or for the 
hunting of animals. In due time they would have realised what type of trajectory or flight path their 
propelled objects were taking once it had left their hands. They would have grasped the idea of the 
harder the object is thrown, the further it might go. Therefore from practise and refining their skills, 
they would have attained incredibly accurate and powerful shots, in the way the same way South 
American rainforest tribes use a blow gun in such deadly precision, killing their pray with poison on 
the end of the fired projectile (Wikipedia, 2010) 
 As time progressed the technology and weaponry evolved along with it. Innovative lever 
type devices came into operation with a range of mechanical catapult and slingshot like actions. The 
earliest built catapults could launch around 20kg of stone maybe up to 40m. (not very efficient in a 
war). Consequently not long after the trebuchet came to fruition in the second half of the 13th 
century, a highly advanced slingshot type machine designed primarily to destroy fortification. This 
monster device could propel stones of 120kg a distance of up to nearly 200m, and was also very 
accurate due to its counterbalŀƴŎƛƴƎ ǘƻǊǉǳŜ ŀŎǘƛƻƴΣ ǿƘƛŎƘ ŜƴǎǳǊŜŘ ǘƘŜ ǿŜŀǇƻƴΩǎ ǎǘŀōƛƭƛǘȅ ŘǳǊƛƴƎ ǘƘŜ 
enormous forces created through its firing action (White, 2011). The ballistics for these devices were 
fairly simple, the larger the device, the longer was its arm, the wider the arc traced out and 
therefore the greater the range it could achieve.  
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 While projectiles were being launched all over the world the great minds of the time were 
trying to explain its mechanics and determine its motion. One particular person who studied in these 
fields was a man named Aristotle (384 BC ς 322 BC), a Greek philosopher and polymath. He argued 
that rest is the natural state of a body, so that any movement must be accompanied by some force 
that continues to act whilst the body remains in motion. This force would be proportional to the 
velocity. When a stone is dropped, the force in question is the weight of the stone and heavier 
stones will fall faster than lighter ones. (Not true!)  Aristotle knew however that when an object is 
dropped it will accelerate and therefore it gains velocity. Since weight is constant, some other force 
must be must be present for the increase in velocity. Realising this, others had argued that a body 
moved more jubilanǘƭȅ ŀǎ ƛǘ ŀǇǇǊƻŀŎƘŜŘ ƛǘǎ ΨƘƻƳŜΩΦ {ƛƳƛƭŀǊƭȅ ǘƻ ǘƘƛǎΣ ŀƴ ŀǊǊƻw fired from its bow, the 
initial force of propulsion is provided by the tension in the bow, but thereafter a rush of air behind 
carries it to its target (Croft, 1988). This was the earliest recorded analysis of ballistic motion, known 
ŀǎ ΩLƳǇŜǘǳǎ ¢ƘŜƻǊȅΩ and was derived from Aristotelian dynamics. Its main hypothesis stated an 
object fired from a cannon for example, follows a straight line path until it has Ψƭƻǎǘ ƛǘǎ ƛƳǇŜǘǳǎΩΤ ŀǘ 
which point it fell suddenly towards the earth (similar to the flight path of a back spun driven golf 
ball). The theory stated that: ŀƭƭ Ƴƻǘƛƻƴ ŀƎŀƛƴǎǘ ǊŜǎƛǎǘŀƴŎŜ ǊŜǉǳƛǊŜǎ ǎƻƳŜ ΨƳƻǾŜǊΩ ǘƻ ǎǳǇǇƭȅ ŀ 
continuous motive force. Obviously with the case of launched projectiles such a mover is not 
present, and so Aristotle postulated an alternative auxiliary theory which states:  a mover was 
provided by the launcher itself. It was then transformed into a projectile at the point of launch ready 
ǘƻ ƻǇŜǊŀǘŜ ƻƴŎŜ ƛǘ ǿŀǎ ƛƴ ŦƭƛƎƘǘΦ ±ƛǘŀƭ ǘƻ ǘƘƛǎ ǿŀǎ ǘƘŜ ŜǊǊƻƴŜƻǳǎ ŀǎǎǳƳǇǘƛƻƴǎ ǘƘŀǘ ŀ ǇǊƻƧŜŎǘƛƭŜΩǎ 
movement is not related by the medium through which it moves (White, 2011). These misguided 
ǇǊƛƴŎƛǇƭŜǎ ǘƘŀǘ ŀ ōƻŘȅΩǎ ƴŀǘǳǊŀƭ ǎǘŀǘŜ ƛǎ ǘƻ ōŜ ǎǘƛƭƭ ŀƴŘ ǘƘŜǊŜŦƻǊŜ ŀ ŦƻǊŎŜ ƛǎ ǊŜǉǳƛǊŜŘ ǘƻ ƪŜŜǇ ƛǘ ƛƴ 
motion that directed thinking in this field for many centuries to come. 

 
Figure 1.1 - Shows Plato (left) and his student Aristotle 
(right) in the school of Athens, a fresco by Raphael. 
Aristotle is seen gesturing towards the earth, detailing 
his belief in knowledge through empirical observations 
and experience while holding a copy of his Nicomachean 
Ethics in his left hand, while Plato gestures upwards to 
the heavens representing his belief in The Forms. 
(Wikipedia, Aristotle, 2005)    
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 Various modifications to the Aristotelian Impulse Theory were put forward over many 
centuries in an attempt to bring together the mathematical analysis in line with observations. Finally 
in 1638 Galileo Galilei (15th febuary 1564 ς 8 January 1642) , an Italian physicist, mathematician, 
astronomer, and philosopher, who is also called ΨǘƘŜ ŦŀǘƘŜǊ ƻŦ aƻŘŜǊƴ {ŎƛŜƴŎŜΩ published his paper 
ƴŀƳŜŘ Ψ5ƛŀƭƻƎǳŜǎ ƻŦ ǘƘŜ ¢ǿƻ bŜǿ {ŎƛŜƴŎŜǎΩΣ ǿƘŜǊŜ ƛǘ ǘƻƻƪ ƻƴ ǘƘŜ ǉǳŜǎǘƛƻƴ ƻŦ ǇǊƻƧŜŎǘƛƭŜ ƳƻǘƛƻƴΦ 
Galileo had more insight than Aristotle, where Aristotle focused on the origins, causes and the 
effects of projectile motion, Galileo favoured more on measurable quantities such as time, weight 
and acceleration and did not concern to why a stone falls. Galileo realised that if a force is applied to 
a body, it will gain or lose velocity i.e. it will accelerate or decelerate. Conversely, if a body 
accelerates, some force must be present to produce this acceleration. An object falling towards 
Earth accelerates, therefore it must be acted upon by some force, and in this case the force is 
gravity. He uncovered in the aōǎŜƴŎŜ ƻŦ ŀƛǊ ǊŜǎƛǎǘŀƴŎŜΣ ŀƭƭ ƻōƧŜŎǘǎ ŦŀƭƭƛƴƎ ǘƻǿŀǊŘǎ ǘƘŜ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜ 
have the same constant acceleration i.e. the bodies gain velocity at the same rate, which he 
calculated to be ωȢψάί  each second, after two seconds ρωȢφάί  and so on. Galileo declared that 
the speed, v (velocity) of the body was proportional to the time elapsed thus a (acceleration) was 
calculated to be ωȢψάί  (Croft, 1988). 
 Imagine dropping a stone from your hand, as gravity acts on the stone it will accelerate, 
therefore the distance the stone will travel will increase each second however the velocity of the 
stone will increase at a same rate of ωȢψάί .  
 

 

 

Figure 1.2 - Shows the relationship between 
distance and time due to gravity 
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    Figure 1.3 - Shows the relationship between velocity and time due to gravity 

 

DŀƭƛƭŜƻΩǎ ǎŜŎƻƴŘ essential insight in the field came from his prior work on connected bodies. 
He deduced another law stating: if one body carries another, the carried body shares the motion of 
the carrier body. This law essentially explains why when we jump up from Earth we are not left 
ōŜƘƛƴŘ ōȅ ƛǘǎ Ǌƻǘŀǘƛƻƴŀƭ ǎǇƛƴΦ ¢ƘŜ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ǎǇƛƴǎ ŀǘ ŀǇǇǊƻȄƛƳŀǘŜƭȅ τχπάί  but as we are 
carried, we already posses its motion, therefore when we jump up, we jump with the same velocity 
ŀǎ ǘƘŜ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜ (Croft, 1988). Extrapolating this concept, he calculated that, for example, a 
projectile fired from cannon is influenced by two independent simultaneous forces. The first was the 
force of gravity which acts vertically and pulls the projectile down towards the Earth at a rate of 
ωȢψάί. The second force moves the projectile forward in a horizontal motion with uniform velocity. 
As these two forces are independent of each other, one can be varied without affecting the other. 
Since gravity is quite difficult to change unless we go to another planet, allocating a greater initially 
horizontal speed of the projectile would be recommended. Consequently, allocating a greater 
initially horizontal speed to the projectile will not effect on the time taken to reach the ground since 
time only depends on the vertical distance the projectile has to travel. In other words the time taken 
to travel to travel paths P and Q on figure 1.6 are the same (White, 2011) (Croft, 1988). 
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                                                                                    Figure 1.4 

 
     
  P Q 
 
 
                      
                                  Distance 
  
 

While Galileo had grasped the relationship between force and motion the truly quantitative 
appreciation came several decades later from Sir Isaac Newton (25th December 1642 ς 20th March 
1727) an English physicist, mathematician astronomer, nature philosopher, alchemist and 
considered by many to be the greatest and most influential scientist who ever lived. As a point of 
interest, the same year Galileo passed away, Sir Isaac Newton was born. Newton was aware of 
DŀƭƛƭŜƻΩǎ ŦƛǊǎǘ ƭŀǿΣ ǘƘŀǘ ōƻŘƛŜǎ ǎƘƻǳƭŘ ƳƻǾŜ ƛƴ ŀ ǎǘǊŀƛƎƘǘ ƭƛƴŜ ǳƴƭŜǎǎ ŘƛǎǘǳǊōŜŘ ōȅ ŦƻǊŎŜǎΦ IŜ ǿŀǎ ŀƭǎƻ 
familiar with the work of Johannes Kepler (December 27th, 1571 ς November 15th 1630) who was a 
German mathematician, astronomer and astrologer. Kepler had derived an equation that could 
calculate the paths of planets in our solar system and demonstrated the movement to be elliptical 
around the sun (White, 2011). From this Newton concluded that some force must therefore be 
acting on the planets to derail them from their straight line path, and this same force was 
responsible for the fact that a body released from the hand falls towards the Earth. The absolute 
genius step was to realise that both were indeed one and the same force, hence the Universal 
theory of Gravitation was born. In his famous paper named Philosphiae Naturalis Principia 
Mathematica όǊŜŦŜǊǊŜŘ ǘƻ ŀǎ bŜǿǘƻƴǎΩǎ tǊƛƴŎƛǇƛŀύΣ ǇǳōƭƛǎƘŜŘ ƛƴ мсутΣ ƘŜ ǎǘŀǘŜǎ Ƙƛǎ ǘƘŜƻǊȅ ƻŦ 
Gravitation along with his three famous laws of motion which now bears his name even though the 
first two were already known to Galileo. 

It should be noted that since the radius of the Earth is not constant at different locations and 
also because the rotation of the Earth provides centrifugal force which additional gravitational type 
affects the value of g is not in fact constant. As g varies with latitude and to a first approximation is 
given by Ὣ ωȢψπφςπȢπςυψχὧέίς‗ where ‗ is the geographical latitude of the concerned 
location. Since tennis is played all over the world, the value of g will undoubtedly change from 
approximately ωȢχψράί  at the equator and ωȢψσςάί  at the poles (Croft, 1988). 

We can thank the trio Galileo, Newton and Aristotle for the correct mathematical analysis of 
trajectory motion and what later followed was merely refinements of their solid foundations and 
findings while to this day are still applied (White, 2011).  
 
 
 
 
 
Summary 
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In this chapter we have looked at the history of projectiles and who were responsible for its creation 
ŀƴŘ Ƙƻǿ ƛǘ ƭƛŜǎ ƛƴ ǘƘŜ ǾŜǊȅ ŦƻǳƴŘŀǘƛƻƴǎ ƻŦ ǎŎƛŜƴŎŜΦ Lƴ ǘƘŜ ƴŜȄǘ ŎƘŀǇǘŜǊ ǿŜ ǿƛƭƭ ŘŜƭǾŜ ƛƴǘƻ bŜǿǘƻƴΩǎ 
three laws of motion and its relevant parameters.  

 

Chapter 2 ɀ Projectiles in Motion  

2.1 - Introduction  
 
Imagine if you will, a tennis ball waiting for you to serve. You cast your eyes down the tennis court 
and look down at the ball in your hand. The ball itself possesses a number of important physical 
properties, its mass and weight being two obvious examples, in addition it possesses a moment of 
inertia, and its surface has a certain frictional value. Then you serve the ball with some side spin, the 
ball now essentially has acquired a new range of dynamic parameters which change with time. Its 
velocity (direction and speed) being one and you also applied some side spin as well, therefore 
implementing an angular velocity to the ball which leads to another one of its properties, angular 
momentum.  
 As the ball travels though the air, it is subject to a number of external forces. The main force 
being gravity, which is obvious, however there are a whole range of second order forces acting on 
the ball as well. Since tennis is played indoors and outdoors, one force could be crosswind, drag, and 
air resistance. The interplay of all these forces on the intrinsic properties of the tennis ball is what 
defines the in flight trajectory and motion which is the main theme of this project.  
 Finally the ball lands inside the service box, bounces up and travels past and out of reach of 
the returner. The height of which the ball bounces is determined by another property of the ball, its 
coefficient of restitution (White, 2011). 
 Before starting to ŜȄǇƭƻǊŜ bŜǿǘƻƴΩǎ ǘƘǊŜŜ ƭŀǿǎ ƻŦ Ƴƻǘƛƻƴ this chapter starts by defining and 
ŜȄǇƭŀƛƴƛƴƎ ǘƘŜ ŦǳƴŘŀƳŜƴǘŀƭ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ǎǇƻǊǘƛƴƎ ǇǊƻƧŜŎǘƛƭŜ ŀƴŘ ƭŀǘŜǊ ǿƛƭƭ ŘƛǎŎǳǎǎ Ƙƻǿ bŜǿǘƻƴΩǎ 
Ŝǉǳŀǘƛƻƴǎ Ŏŀƴ ōŜ ǳǎŜŘ ǘƻ ŎŀƭŎǳƭŀǘŜ ǘƘŜ ŘȅƴŀƳƛŎǎ ƻŦ ǎƻƳŜ ƻŦ ǘƘŜ ǇǊƻƧŜŎǘƛƭŜΩǎ ǇŀǊŀƳŜǘŜrs though out 
its journey. Once the theoretical foundations have been laid they will form the basis for the 
fundamental projectile trajectory path models described in the next chapter. 

2.2 - Vectors and Scalars   
 
The parameters associated with a sporting projectile fall into two distinct classes, these being 
vectors and scalars. A vector quantity consists of both magnitude and direction while a scalar 
quantity possesses only the magnitude component. Table 2.1 below shows some examples of each 
type. 
 
Table 2.1 - Shows examples of vector and scalar quantities (White, 2011) 

Scalars Vectors 

Distance Displacement 

Speed Velocity 

Mass Force(weight) 

Energy(work)  Acceleration 

Volume Momentum 

Tempurature Torque 
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One difference between vectors and scalars is that it is fundamentally easier to cancel out a vector 
quantity than a scalar quantity. Taking displacement for example, a tennis ball served in a north 
direction with a velocity at φπάί . A successful return will mean the ball will travel in south 
direction right back to the point to service. The speed in both directions maybe equal, but the 
velocity is of the opposite signs, caused purely by the reversal on the return. Consequently this leads 
to a cancellation of φπφπ πάί . This cannot be done with volume however, a volume of a 
tennis ball cannot actually cease to exist by placing it into a negative volume (White, 2011) 

2.3 ɀ Mass, Weight, Force, Velocity and Acceleration  

2.3.1 ɀ Mass 
 
The mass of a body can be defined as a quantitative measure of its resistance to its change in speed 
(acceleration) and is measured ƛƴ ƪƛƭƻƎǊŀƳǎ όƪƎύ ƛƴ {L ǳƴƛǘǎΦ ¢ƘŜ ǾŀƭǳŜ ƻŦ ŀ ōƻŘȅΩǎ Ƴŀǎǎ ŘƻŜǎ ƴƻǘ 
change whether it is on this Earth or on the moon. For example if a tennis ball is served at υπάί  
then the impact force apparent to the server when he/she strikes the ball will be the same 
anywhere, Earth or Moon.  

2.3.2 ɀ Weight  
 
The weight of a body is due to the gravitational force of the Earth or planet. It is measured in 
Newton όbύ ŀƴŘ ƛǎ ŎŀƭŎǳƭŀǘŜŘ ōȅ ƳǳƭǘƛǇƭȅƛƴƎ ŀ ōƻŘȅΩǎ Ƴŀǎǎ ōȅ ǘƘŜ ŀǇǇǊƻǇǊƛŀǘŜ acceleration due to 
gravity. Gravitational acceleration is usually measured at ωȢψράί  although this value can change 
depending on the angle of latitude and altitude the measurement is taken at. Therefore the weight 
of a body does not affect the time in which it accelerates due to gravity. This is the reason why, 
ignoring drag effects, when you drop a cricket ball and a tennis ball at the same time even though 
their weights are different, they will both hit the floor simultaneously. This experiment was also 
done on the moon using a hammer and a feather by the crew members of Apollo 15 in August 1971.   
Since there is no air resistance on the moon they both hit the ground at the same time confirming all 
ŀƭƻƴƎ DŀƭƛƭŜƻ ǿŀǎ ŎƻǊǊŜŎǘ ŀŦǘŜǊ ŀƭƭ ƛƴ ǎŀȅƛƴƎ ŀ ōƻŘȅΩs mass was independent to its acceleration due to 
gravity. 

2.3.3 ɀ Force 
 
Force is a push or pull exerted on a body and will always result in a change of velocity for a moving 
body. It too is measured in Newton and being a vector quantity can easily be added and subtracted 
depending each of their individual magnitude and direction.    

2.3.4 ɀ Velocity  
 
Velocity is defined as the rate of change of position and is a vector quantity, so speed and direction 
both are need to completely define it. In the Si system it is measured in meters per second  άί . 
The scalar absolute value όƳŀƎƴƛǘǳŘŜύ ƻŦ ǾŜƭƻŎƛǘȅ ƛǎ ŎŀƭƭŜŘ ǎǇŜŜŘΣ ǘƘŜǊŜŦƻǊŜ Ωул ƳŜǘŜǊǎ ǇŜǊ ǎŜŎƻƴŘΩ ƛǎ 
ŀ ǎŎŀƭŀǊ ǉǳŀƴǘƛǘȅΣ ǿƘŜǊŜ ŀǎ Ωул ƳŜǘŜǊǎ ǇŜǊ ǎŜŎƻƴŘ ŘǳŜ ƴƻǊǘƘΩ ƛǎ ŀ ǾŜŎǘƻǊ ǉǳŀƴǘƛǘȅ ŀǎ ŘƛǊŜŎǘƛƻƴ ƛǎ 
applied as well. The average velocity ὺ of a body through a displacement Ўὼ during time period 
Ўὸ is defined by the formula: 
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 ὺ
Ў

Ў
ὼ 

 
 Ўὼ being the total change in distance (displacement) and Ўὸ the total time needed to cover that 
distance. Table 2.2 shows some typical speeds achieved by a range of projectiles. 
 
 
 

 
 
Table 2.2 - Shows some interesting speeds (White, 
2011) 

 

2.3.5 ɀ Acceleration  
 
!ŎŎŜƭŜǊŀǘƛƻƴ ƛǎ ŘŜŦƛƴŜŘ ōȅ ŀƴȅ ŎƘŀƴƎŜ ƻŦ ǾŜƭƻŎƛǘȅΦ LŦ ŀ ōƻŘȅΩǎ ǾŜƭƻŎƛǘȅ ƛƴŎǊŜŀǎŜǎ ǘƘŜƴ ƛǘǎ ŀŎŎŜƭŜǊŀǘƛƻƴ 
will be positive, if its velocity decreases then its acceleration will have a negative value. We can 
define the average acceleration as; 
 

 à
Ў

Ў
 

 
where Ўὺ is the change in velocity and Ўὸ time taken for the change in velocity and the 
instantaneous acceleration as; 
  

 ὥ  

 
Table 2.3 show some interesting accelerations. 
 

 
 
 
Table 2.3 - Showing some interesting accelerations 
(White, 2011)  

 

2.4 ɀ Friction and coefficient of friction  
 
Whenever an object moves in any form, there will all ways be friction present. Even in space, a so 
called empty vacuum, quantum mechanics suggests we can never be sure that an apparent vacuum 
is truly empty. Space is constantly fizzing with photons that are popping into and out of existence 
before they can be measured directly. Even though they appear instantaneously, these photons 
exert the same electromagnetic forces on an object they encounter as normal photons do (Harris, 

Description Value m/s 

Speed of light σ ὼ ρπ 

Muzzle velocity of 10m air rifle  200 

Serve in squash 40 

Typical release velocity of a javelin 30 

Rate of growth of human hair σ ὼ ρπ  

Description  Value(m/s/s 

High velocity rifle bullet ς ὼ ρπ 

Baseball struck by a bat σ ὼ ρπ 

Football struck by foot σ ὼ ρπ 

Loss of consciousness in man 70 

Gravity on the surface of the Earth 9.81 

Gravity on the surface of the Moon 1.7 
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2011). This suggests that these particles will have an effect on objects thus creating some type of 
friction.  
 As this project is themed on sporting projectiles, the main focus point will be on how a 
tennis ball travels through the medium of air, and consequently this means analysing the frictional 
forces and how the surrounding air molecules lead to retarding force also known as drag. There are 
many other frictional properties to consider, for example the way in which a tennis ball bounces 
depends on the friction between the ball and playing surface. Furthermore friction between the 
racket and the ball will dictate the amount of spin that a player can generate. These fall into two 
types of friction, kinetic friction and static friction. Kinetic friction applies once the body is in motion, 
and the static friction is experienced in order to initiate movement. Leonardo da Vinci came up with 
a simple empirical law which quantifies friction and is relatively accurate:  
 
 Ψ¢ƘŜ ƳŀƎƴƛǘǳŘŜ ƻŦ ǘƘŜ ŦƻǊŎŜ ƻŦ ŦǊƛŎǘƛƻƴ ōŜǘǿŜŜƴ unlubricated, dry surfaces, sliding one over 
the other is proportional to the normal force pressing the surface together and is independent of the 
ŀǊŜŀ ƻŦ ŎƻƴǘŀŎǘ ŀƴŘ ƻŦ ǘƘŜ ǊŜƭŀǘƛǾŜ ǎǇŜŜŘΦΩ (White, 2011)                                       
     
Kinetic friction can mathematically written as Ὂk=‘kὔ where ‘k is the coefficient f kinetic friction and 
N is the force acting normal to the surface. The equivalent equation for static friction is Ὂs ‘sὔ 

where ‘s ƛǎ ǘƘŜ ŎƻŜŦŦƛŎƛŜƴǘ ƻŦ ǎǘŀǘƛŎ ŦǊƛŎǘƛƻƴΦ ¢Ƙƛǎ ƳŜŀƴǎ ǘƘŜ Ŝǉǳŀǘƛƻƴ ƛǎ ŀǇǇƭƛŜŘ ǿƘŜƴ ǘƘŜ ōƻŘȅΩǎ 
static friction is greater than the applied force and the body is stationary (not moving). As movement 
commences and just before the dynamic friction take over the two sides of the equation equalise. 
Accordingly static friction is never less than dynamics friction and can be significantly more (White, 
2011). Table 2.4 shows some interesting friction coefficients.  
 
 

Table 2.4 shows some 
interesting kinetic and 
static friction coefficients 
(White, 2011) 

 

 

2.5 ɀ .Å×ÔÏÎȭÓ ÌÁ× ÏÆ Íotion  
 
{ǘǳŘȅƛƴƎ bŜǿǘƻƴΩǎ ƭŀǿ ƻŦ Ƴƻǘƛƻƴ ƛǎ ŜǎǎŜƴǘƛŀƭ ŦƻǊ ǎǇƻǊǘǎ ǇǊƻƧŜŎǘƛƭŜǎ ŀǎ ƛǘ ƛǎ ǘƘŜ ŦǳƴŘŀƳŜƴǘŀƭ 
foundations of all motion. We will now delve the three laws of motion that Newton laid down for us 
when he published his truly brilliant Philosphiae Naturalis Principia Mathematica masterpiece.  

2.5.1 ɀ .Å×ÔÏÎȭÓ ÆÉÒÓÔ ÌÁ× ÏÆ Íotion  
 
bŜǿǘƻƴΩǎ ŦƛǊǎǘ ƭŀǿ ƻŦ Ƴƻǘƛƻƴ ǎǘŀǘŜǎΥ 
 
 Ψ9ǾŜǊȅ ōƻŘȅ ŎƻƴǘƛƴǳŜǎ ƛƴ ƛǘǎ ǎǘŀǘŜ ƻŦ ǊŜǎǘ ƻǊ ƻŦ ǳƴƛŦƻǊƳ όǳƴŀŎŎŜƭŜǊŀǘŜŘύ motion in a straight 
line unless acted upon by some external force (White, 2011) 
 

Materials  ‘k ‘s 

Rubber on asphalt dry (wet) (motor racing) 0.8 (0.75) 0.5 (0.5) 

Tennis ball on synthetic carpet 0.61   

Tennis ball on hard court 0.49-0.53   

Leather on wood (cricket) 0.3 0.4 

Waxed ski in snow     

At 10Јὅ 0.2 0.2 

At 0Јὅ 0.05 0.1 
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bŜǿǘƻƴΩǎ ŦƛǊǎǘ ƭŀǿ ŜȄǇǊŜǎǎŜǎ ǘƘŜ ŎƻƴŎŜǇǘ ƻŦ ƛƴŜǊǘƛŀΣ ǿƘƛŎƘ ƛǎ ŀ ōƻŘƛŜǎ reluctance to start moving, or 
stop moving once it has started. In terms of projectiles this means if no forces are acting on the 
projectile which is at rest or at moving with constant velocity, then it will all ways remain at rest or at 
the same constant velocity. On the other hand, a projectile at rest or moving with constant velocity 
experiences no net resultant force, meaning either no forces are acting on the projectile, or all forces 
acting on it oppose each other and hence cancel out in all directions. Therefore if a tennis balls 
speed or direction changes then  a net force must be acting it (White, 2011). 
 

2.5.2 ɀ .Å×ÔÏÎȭÓ ÓÅÃÏÎÄ ÌÁ× ÏÆ Íotion  
 
bŜǿǘƻƴΩǎ ǎŜŎƻƴŘ ƭŀǿ ƻŦ Ƴƻǘƛƻƴ ǎǘŀǘŜǎΥ 

 
 Ψ¢ƘŜ ǊŀǘŜ ƻŦ ŎƘŀƴƎŜ ƛƴ ƳƻƳŜƴǘǳƳ ƻŦ ŀ body is directly proportional to the external forces 
ŀŎǘƛƴƎ ƻƴ ǘƘŜ ōƻŘȅ ŀƴŘ ǘŀƪŜǎ ǇƭŀŎŜ ƛƴ ǘƘŜ ŘƛǊŜŎǘƛƻƴ ƻŦ ǘƘŜ ŦƻǊŎŜΩ 
   
bŜǿǘƻƴΩǎ ǎŜŎƻƴŘ ƭŀǿ Ŏŀƴ ōŜ ǿǊƛǘǘŜƴ ŀǎΥ 
 

 Ὂᶿ άὺ 

 

where Ὂ is the force applied and άὺ is the rate of change of momentum where ά is mass and ὺ 

is velocity. The proportionality sign can be removed and replaced by a constant Ὧ giving: 
 
 
 
 

Ὂ Ὧ
Ὠ

Ὠὸ
άὺ 

 
 The SI unit of force (Newton) is defined such that Ὧ = 1 provided the mass is given in kg and velocity 
in άί . Thus giving: 
 

 Ὂ άὺ 

 
bƻǿ ƛŦ ǿŜ ŀǎǎǳƳŜ Ƴ ƛǎ ŎƻƴǎǘŀƴǘΣ ǿŜ ŘŜǊƛǾŜ ǘƘŜ Ƴƻǎǘ ŎƻƳƳƻƴ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ bŜǿǘƻƴΩǎ ǎŜŎƻƴŘ 
law which is: 
  
 Ὂ άὥ                                                                                                                                               (2.1)    
 
where ὥ is the acceleration due to the applied force. So force equals mass multiplied by 
acceleration. In terms of projectile motion this means if a force acts on the projectile, then it will 
accelerate in the direction of the force. The magnitude of the acceleration is equal to the applied 
force divided by the projectiles mass (White, 2011). 

2.5.3 ɀ .Å×ÔÏÎȭÓ ÔÈÉÒÄ ÌÁ× ÏÆ Íotion  
  
bŜǿǘƻƴΩǎ ǘƘƛǊŘ ƭŀǿ ƻŦ Ƴƻǘƛƻƴ ǎǘŀǘŜǎΥ 
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 Ψ²ƘŜƴŜǾŜǊ ŀ body exerts a force on another body, the latter exerts force of equal magnitude 
ŀƴŘ ƻǇǇƻǎƛǘŜ ŘƛǊŜŎǘƛƻƴ ƻƴ ǘƘŜ ŦƻǊƳŜǊΩ 
 
In tennis terms, striking a ball back results in an equal and opposite force acting on the ball and on 
the strings of the racket. One of the jobs of a tennis racket is to absorb the impact of the forces 
ōŜŦƻǊŜ ǘƘŜȅ ǘǊŀǾŜƭ ǳǇ ǘƘŜ ǘŜƴƴƛǎ ǇƭŀȅŜǊΩǎ ŀǊƳ ǘƻ ǇǊŜǾŜƴǘ ǇƻǘŜƴǘƛŀƭ ƛƴƧǳǊƛŜǎ ǎǳŎƘ ŀǎ ǘŜƴƴƛǎ Ŝƭōƻǿ 
(White, 2011)  
 These three laws of motion govern all motion and are fundamental to sporting projectiles 
and its flight path.  
 

2.5.4 ɀ .Å×ÔÏÎȭÓ ÅÑÕÁÔÉÏÎ ÏÆ Íotion  
 
IŜǊŜ bŜǿǘƻƴΩǎ ǎŜŎƻƴŘ ƭŀǿ ǿƛƭƭ ǇǊƻǾŜ ǘƻ ōŜ Ǿƛǘŀƭ ŀƴŘ ǘƘŜǎŜ Ŝǉǳŀǘƛƻƴǎ ŀǊŜ ǎƛƳǇƭŜ ŘŜǊƛǾŜŘ ŦǊƻƳ ǘƘŜ 
previous definitions of distance, velocity and acceleration and the relationship between them 
 
 ὺ ό ὥὸ                         (2.2)
  
 
ὺ ό ςὥί                                                                          (2.3) 
 

ί όὸ ὥὸ  (2.4) 

 

ί ό ὺὸ  (2.5) 

 
  
where ό is the initial velocity at ὸ π, ὺ is velocity time ὸ, ὥ is the constant acceleration, and ί is the 
displacement from the starting point at time ὸ. 
 
Throughout this project we shall do some worked examples to get a better understanding of 
projectiles and how they operate.  
 

Worked Example 2.1  

 
 A ball is fired from a cannon which has a 50cm barrel and a muzzle velocity of συάί . Calculate 
the average acceleration of the ball in the barrel. If the mass of the ball is 50kg, ignoring frictional 
and drag resistance in the barrel, calculate the force required from the cannon to reach its muzzle 
velocity.  
 
Using equation 2.3, ὺ ό ςὥί where ό πάί , ὺ συάί , and ί υπὧά πȢυά  
rearranging this equation and making ὥ the subject of the formula we get: 
 

 ὥ
  Ȣ

ρςςυάί  

 
However this just the average acceleration of the ball as it travels the length of the barrel. In reality 
the ball would experience a much greater acceleration right at the beginning of its motion due to the 
cannons explosive action.  
 
Now using the equation Ὂ άὥ: 
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 Ὂ υπ ὼ ρςςυφρςυπὔ 
 
Lƴ ŀŘŘƛǘƛƻƴ ǘƻ ǘƘƛǎΣ bŜǿǘƻƴΩǎ ǘƘƛǊŘ ƭŀǿ ǘŜƭƭǎ ǳǎ ǘƘŜ ǊŜŎƻƛƭ ŦƻǊŎŜ ƻƴ ǘƘŜ Ŏŀƴƴƻƴ ǿƛƭƭ ōŜ ŀƭǎƻ ōŜ смнрлbΦ 

2.6 ɀ .Å×ÔÏÎȭÓ ÌÁ× of universal g ravitation  
 
Since all projectiles are subjected to the force of gravity, it should be looked into thoroughly. Sir 
Isaac Newton states: 
 
 Ψ9ǾŜǊȅ ǇŀǊǘƛŎƭŜ ƛƴ ǘƘŜ ¦ƴƛǾŜǊǎŜ ŀǘǘǊŀŎǘǎ ŜǾŜǊȅ ƻǘƘŜǊ ǇŀǊǘƛŎƭŜ ǿƛǘƘ ŀ ŦƻǊŎŜ ǿƘƛŎƘ ƛǎ ǇǊƻǇƻǊǘƛƻƴŀƭ 
ǘƻ ǘƘŜ ǇǊƻŘǳŎǘ ƻŦ ǘƘŜƛǊ ƳŀǎǎŜǎ ŀƴŘ ƛƴǾŜǊǎŜƭȅ ǇǊƻǇƻǊǘƛƻƴŀƭ ǘƻ ǘƘŜ ǎǉǳŀǊŜ ƻŦ ǘƘŜƛǊ ǎŜǇŀǊŀǘƛƻƴΦΩ 
 
This can be stated mathematically as: 

 

 Ὂ Ὃ    

 
Where Ὂ is the force of attraction between the two bodies whose masses are ά1, ά2 and whose 
centres are separated by a distance ὶ, and Ὃ is a constant of proportionality known as the universal 
gravitational constant which is φȢφχ ὼ ρπ ὔά ὯὫ  (White, 2011). 
 The force Ὂ is a vector quantity that points between the centre of masses of the two bodies 
concerned. We can denote this as: 
 

 Ὂ Ὃ      (2.6) 

where r (=r ) is the vector from the larger bƻŘȅΩǎ ŎŜƴǘǊŜ ǘƻ ǘƘŜ ŎŜƴǘǊŜ ƻŦ ǘƘŜ ǎƳŀƭƭŜǊ ōƻŘȅ ŀƴŘ   is the 
corresponding unit vector. From this it becomes clear that the force Ὂ ƛǎ ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ŀ ǇǊƻƧŜŎǘƛƭŜΩǎ 
motion when fired in an upwards direction, heading back towards the Earth. In the case of projectile 
motion, the larger mass, ά1 will the mass of the Earth ( άe υȢωψ ὼ ρπὯὫȢ The smaller mass, 
ά2, will represent the mass of the projectile concerned and  ὶ can be taken as the radius of the Earth 
ὶe φȢσψ ὼ ρπά . As any additional height that a projectile might achieve will be negligible 

ǿƘŜƴ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ 9ŀǊǘƘΩǎ ǊŀŘƛǳǎΣ ǘƘŜǊŜŦƻǊŜ Ŝǉǳŀǘƛƻƴ нΦт Ŏŀƴ ōŜ ǿǊƛǘǘŜƴ ŀǎΥ 

 Ὂ Ὃ
 
ć   (2.7) 

where ć represents the unit vector quantity in the upward vertical direction, which can be taken as a 
constant in both magnitude and direction. Assuming Ὂ as being constant in direction over the 
ǇǊƻƧŜŎǘƛƭŜǎ ŦƭƛƎƘǘ ƛǎ ƪƴƻǿƴ ŀǎ ǘƘŜ ΨŦƭŀǘ 9ŀǊǘƘΩ ǘƘŜƻǊȅ ŀƴŘ ƛǎ ƴŜŀǊ enough accurate apart from high 
powered sniper type shots over very long distances (White, 2011). Equation 2.8 can now be 
simplified too (Croft, 1988): 

 Ὂ άὫ    (2.8) 

Where ά ά2, Ὣ  and values of Ὣȟάe and ὶe stated previously, where Ὣ is the known 

acceleration due to gravity.  

Worked Example 2.2   
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Two pucks of mass 5kg lie on the ice at a distance of 50cm apart. Calculate the force of attraction 
between them. If the static friction between the stones and ice is ʈs πȢρ, prove that the pucks will 
not move towards each other and collide under the force of gravitational attraction.  

Using equation 2.6 where Ὃ φȢφχ ὼ ρπ ȟά ά υὯὫ ὥὲὨ ὶ πȢυά 

 Ὂ φȢφχ ὼ ρπ  ὼ 
Ȣ

φȢφχ ὼ ρπ 

The required force to overcome friction on the ice is given by: 

 Ὂ ‘ὔ 

where ὔ is given by άὫ the weight of the two pucks, thus: 

 Ὂ ‘άὫ πȢρ ὼ υ ὼ ωȢψρ τȢωπυὔ   

From this we can conclude the force of attraction between the two pucks is almost insignificant of 
what is required to overcome the frictional resistance between the pucks and the ice.  

2.7 ɀ Conservation of linear momentum v 

Since momentum is a vector ratƘŜǊ ǘƘŀƴ ŀ ǎŎŀƭŀǊ ǉǳŀƴǘƛǘȅΣ bŜǿǘƻƴΩǎ ǎŜŎƻƴŘ ƭŀǿ ƻŦ Ƴƻǘƛƻƴ ŎƻƴŎŜǊƴǎ 
the rate of change in momentum. The momentum of a body is equal to the product of its mass and 
its velocity.  

 ▬ άὺ                                     

where p is the momentum of the body whose direction is the same as the velocity ὺ. Momentum is 
fundamental when two bodies collide together, such as billiard balls or a racket hitting a tennis ball. 
When to bodies collide, it is the combined momentum of the bodies, immediately before and after 
collision which is conserved (White, 2011). bŜǿǘƻƴΩǎ ǎŜŎƻƴŘ ƭŀǿ Ƴŀȅ ŀƭǎƻ ōŜ ǿǊƛǘǘŜƴ ŀǎΥ 

Ὂ
Ὠὴ

Ὠὸ
 

and the kinetic energy of the body, which is the amount of work required to accelerate the body 
from being stationary up to its current velocity is given by: 

ὑ
ρ

ς
άὺ

ὴ

ςά
 

So if we imagine a collision of two billiard balls, white and red, on a table. Let Ὂ  denote the force 
exerted by the white ball, and Ὂ  ǘƘŜ ŦƻǊŎŜ ŜȄŜǊǘŜŘ ōȅ ǘƘŜ ǊŜŘ ōŀƭƭΦ ¦ǎƛƴƎ bŜǿǘƻƴΩǎ ǘƘƛǊŘ ƭŀǿ ƻŦ 
motion, in the case of a perfect collision with no energy being lost through sound, heat and 
absorption into either of the bodies then: 

Ὂ Ὂ  

  So: 
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Ὠὴ

Ὠὸ

Ὠὴ

Ὠὸ
Ὂ Ὂ  

Ὠὴ ὴ

Ὠὸ
Ὂ Ὂ π 

  
Therefore p1+p2= a constant, hence the conservation of linear momentum states that: 
  
 The total linear momentum of a system of interacting (e.g. colliding) bodies, on which no 
external forces are acting, remains constant (White, 2011). 

Wored Example 2.3  

 
The cannon of worked example 2.1 now has a mass of 80kg. As stated before the muzzle velocity is 
συάί  and the mass of the cannon ball is 50kg. Calculate the recoil velocity of the cannon.  
 
 Using άό ά ό π άὺ ά ὺ 
 
 
 
where ά  is the mass of the cannon ball, ὺ is the muzzle velocity, ά  is the mass of the cannon and 
ὺ the recoil velocity of the cannon. Therefore rearranging the equation making ὺ the subject of the 
formula yields: 
 

ὺ
άὺ

ά

υπ ὼ συ

ψπ
ςρȢψχυάί  

 
  
Lǘ ƛǎ ŎƭŜŀǊ ǘƘŜ ƭŀǊƎŜǊ ŀƴ ƻōƧŜŎǘΩǎ ƳƻƳŜƴǘǳƳ ƛǎΣ ǘƘŜ ƳƻǊŜ ŘƛŦŦƛŎǳƭǘ ƛǘ ǿƛƭƭ ōŜ ǘƻ ŎƘŀƴƎŜ ōȅ ƳŜŀƴǎ ƻŦ 
altering its velocity. A practical application of momentum can be shown comparing a forehand 
smash in to a drop shot in tennis. In the case of a forehand smash, once the player has started their 
action, the mechanical momentum will keep the swing going, and there is little a player can do to 
interrupt the inherent rhythm of the swing. As a tennis player constantly keeps moving, there is no 
point where momentum is zero, however the two points at which momentum is at its minimum 
value would be, as the player pulls back his racket and prepares themselves for the forehand smash 
and once the swing has been completed and the racket has sent the ball back towards the 
opponent. Consequently it is imperative that the racket is positioned correctly during the swings 
momentum with the hitting target in mind, since correcting an error is almost impossible once the 
racket is in motion. However, in the case of less powerful shots, such as a drop shot where the 
momentum of the swing is smaller, therefore giving more time for players to exert corrective 
influences at all stages in the stroke. The best tennis players are able to correct their racket 
momentum and change it accordingly to what their opponents are doing.  
 ! ǇŜǊŦŜŎǘ ŜȄŀƳǇƭŜ ƻŦ ŎƘŀƴƎŜ ƛƴ ƳƻƳŜƴǘǳƳ ǿƻǳƭŘ ōŜ wƻƎŜǊ CŜŘŜǊŜǊΩǎ ŦŀƪŜ ŘǊƻǇ ǎƘƻǘΣ ǎƭƛŎŜΣ 
where he opens up the racket so it looks like he is about to play a drop shot so his opponent is made 
to run towards the net to try and retrieve the ball. As the opponent starts to run Federer quickly 
changes the momentum of his racket and slices the ball down the line past his opponents, and since 
ǘƘŜ ǇƭŀȅŜǊ ƛǎ ŀƭǊŜŀŘȅ ǊǳƴƴƛƴƎ ŀƴŘ Ƙƛǎ ƳƻƳŜƴǘǳƳ ƛǎ ǘŀƪƛƴƎ ƘƛƳ ŦƻǊǿŀǊŘǎΣ ƛǘΩǎ ƘŀǊŘ ŦƻǊ ǘƘŜƳ ǘƻ ŎƘŀƴƎŜ 
direction and are often left unable to retrieve the ball. Federer demonstrates this shot exquisitely at 
the 2012 Australian Open against his first round opponent Alexander Kudryatsuev at 7-5 6-2 3-2 30-0 
ǿƘŜǊŜ ǳǇƻƴ ŀŦǘŜǊ ǘƘŜ ǎƘƻǘ ǿŀǎ ǇƭŀȅŜŘ ǘƘŜ 9ǳǊƻ ǎǇƻǊǘ ŎƻƳƳŜƴǘŀǘƻǊǎ ƭŀǳƎƘ ŀƴŘ ǎŀȅ ΨǊŀǘƘŜǊ ǎƛƎƘǘ ƻŦ 
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ǘƘŜ ǳƴǳǎǳŀƭΣ Ƴŀƴȅ ǘƘƻǳƎƘǘ ǘƘƛǎ ǿŀǎ ƎƻƛƴƎ ǘƻ ōŜ ŀ ŘǊƻǇ ǎƘƻǘΩΣ ŀƴŘ Ƙƛǎ ŦƻǳǊǘƘ ǊƻǳƴŘ ƻǇǇƻƴŜƴǘ Bernard 
¢ƻƳƛŎ ƻƴ CŜŘŜǊŜǊΩǎ ƳŀǘŎƘ ǇƻƛƴǘΦ !Ǝŀƛƴ ŀŦǘŜǊ ǘƘŜ ǎƘƻǘ ǿŀǎ ǇƭŀȅŜŘΣ ǘƘƛǎ ǘƛƳŜ ǘƘŜ 9{tb ŎƻƳƳŜƴǘŀǘƻǊǎ 
ƭŀǳƎƘ ǘƻ ǘƘŜƳǎŜƭǾŜǎ ŀƴŘ ǎŀȅ Ψŀ ƭƛǘǘƭŜ ǎŀƭǘ ƛƴ ǘƘŜ ǿƻǳƴŘǎ ǘƘŜǊŜ ǿƛǘƘ ǘƘŀǘΩ ƛƳǇƭȅƛƴƎ CŜŘŜǊŜǊ Ƨǳǎǘ ƳŀŘŜ 
Tomic look a bit silly on the court. 

2.8 ɀ Conservation of angular momentum  
 
Bodies moving in a straight line and those moving in a curved motion have a considerable amount of 
correlation in mechanics. Many equations stated previously have a correspondence in circular 
motion, therefore if the correct substitutions for the variables are made, they will correlate precisely 
(White, 2011).  
 
 
 

Table 2.5 - Shows rotational analogues of 
translational motion (White, 2011). 

 

  

 

¢ŀƪƛƴƎ bŜǿǘƻƴΩǎ ƭŀǿ ƻŦ Ƴƻǘƛƻƴ Ŝǉǳŀǘƛƻƴ нΦпΥ 

 ί όὸ ὥὸ 

will transcribe directly to: 

— ὸ
ρ

ς
ὸ 

 
where   is the angular velocity at time t=0 and the other symbols are defined in the table 2.5 
above.  Also from the table we can see that the angular momentum of a body is given by: 
 
 ὒ Ὅ 
 
The principle of conservation of angular momentum states that: 
 The total angular momentum of a system is constant unless an external torque acts on it. 
Angular momentum is important when considering sports projectiles as the spin of a tennis ball will 
change its trajectory path through the air. An example of changing angular momentum would be a 
spinning iceskater, who while spinning will bring their arms in closer to the body, which as a result 
concentrates their mass closer to the spinning axis of rotation and consequently reduces their 
moment of inertia. This results in an increase of angular velocity and thus an increase of rotational 
kinetic energy. The extra energy is produced from the work done as the skater brings their arms in 
towards the body against the centripetal force tending to pull their arms outwards. From this we 
know the moment of inertia is the reluctance of a body to rotate around a given axis in the same 
way a body is reluctant to move in a linear motion due to its mass and static friction. It is calculated 
by summing the products of all elemental masses of the body with the square of their distance from 
the axis of rotation (White, 2011). 
 
 

Translational quantity Rotational analogue 

Massv(m)                                       Inertia (I)                                          

Velocity (v)                                    Angular velocity   

Force (F)                                        Torque (T)                                        

Acceleration (a)                           Angular acceleration  

Distance (s)                                   Angle — 

Momentum (p)                            Angular momentum (L)              
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Shape                                                      Formula                        Comment 

Solid sphere (rotation  Ὅ άὶ Most common solid balls such as snooker  

around any axis through center)                                            balls or cricket balls 

Hollow sphere (rotation                      Ὅ άὶ                  Most inflated balls such as squash balls      

around  any axis through center)                                           tennis balls, footballs   

Solid cylinder (rotation through        Ὅ άὶ       Spinning discus or rifle bullets 

long axis)   

Hollow cylinder with inner                 Ὅ άὶ ὶ       Spinning javelin 

Radius=r1 and outer 
Radius=r1(rotation through 
Long axis) 

Thin rod rotated around one end     Ὅ άὒ                    Approximation of the shaft of a striking  

                                                                                                       implement 
 ̀

    

2.9 ɀ Work, impulse, power and energy  
 

2.9.1- Work  
 
LŦ ŀ ōƻŘȅΩǎ Ƴƻǘƛƻƴ ƛǎ ŀ ǊŜǎǳƭǘ ƻŦ ǘƘŜ ŦƻǊŎŜ ōŜƛƴƎ ŀǇǇƭƛŜŘΣ ǘƘŜƴ ǘƘŜ ŦƻǊŎŜ ƛǎ ǎŀƛŘ ǘƻ ōŜ ŘƻƛƴƎ ǿƻǊƪ ƻƴ 
the body. The work done can be written as: 
 
 ὡ Ὂί 
 
where Ὂ is the work done measured joules (J), Ὂ is the force applied in newtons (N) and ί represents 
the displacement in (m). In a tennis situation, the projectile (tennis ball) is launched by means of a 
sharp impact with an appropriate implement (tennis racket). 
 

2.9.2 ɀ Impulse  
 
YƴƻǿƛƴƎ bŜǿǘƻƴΩǎ ǎŜŎƻƴŘ ƭŀǿ ƻŦ Ƴƻǘƛƻƴ Ŏŀƴ ōŜ ǿǊƛǘǘŜƴ ŀǎΥ 
 

 Ὂ  

 
For a body with constant mass and summing over time we obtain: 
 
 Ὂ᷿Ὠὸ Ὠ᷿άὺ ά Ὠ᷿ὺ 
 
where the term  ᷿ ὊὨὸ represents the impulse (units Ns) and is equal to the change in momentum, 
or if the mass is constant, the change in its velocity (White, 2011). 
 Although in many sporting texts much importance is given to properties such as the velocity 
and the force applied, however it is often the impulses created by athletes that are responsible for 
the large forces and velocities achieved by the projectiles.  Taking the bowling action in cricket for 
example, one may think in terms of the ball release velocity, but what really accounts for the velocity 
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is a series of impulses resulting from the ground reaction forces in the run up, the delivery stride and 
placing of the feet and finally the bowling action of the arm (White, 2011). 
 

2.9.3 ɀ Power  
 
Power can be defined by the rate which work is done and is measured in watts: 
 

 ὖ   

 

where ὖ denotes the instantaneous power (W) and  is the rate of working ὐί  

 

Worked Example 2.4  

 
A tennis player applies a constant force of 500N while serving the ball. Calculate the power in the 
serve and work carried out by the athlete if the serve action is 2.5m long and lasts 0.5s. 
 
 Using ὡ Ὂί 
 
 
 The work done in launching the tennis ball is ςȢυ ὼ υππρςυπὐ 
  

 The power the tennis player puts into the serve is 
Ȣ

ςυππὡ 

 

2.9.4 ɀ Energy 
 
A body that is capable of carrying out work is said to possess energy. The amount of energy a body 
possesses is equal to the work it is capable of producing.  Being a scalar quantity, there are two 
types of energy to be analysed, which are kinetic and potential energy.  
 

2.9.4.1 ɀ Kinetic energy  

 
Kinetic energy is the energy a body possesses purely because it is moving. If a body of mass ά has a 
velocity ὺ, then the kinetic energy ὑ is given as: 
  

 ὑ άὺ 

 
This tells us kinetic energy is ŎŀƭŎǳƭŀǘŜŘ ōȅ ƳǳƭǘƛǇƭȅƛƴƎ ŀ ōƻŘȅΩǎ Ƴŀǎǎ ōȅ ƛǘǎ ǾŜƭƻŎƛǘȅ ǎǉǳŀǊŜŘ ŀƴŘ 
multiplying that result by a half. So for a body to possess kinetic energy it must be in motion i.e. 
velocity must be greater than zero.  
 

2.9.4.2 ɀ Potential energy  

 
Potential energy is a little bit more complicated as it is the energy a body possesses by virtue of its 
position or due to the arrangement of its component parts. Potential energy is the stored energy. 
However potential energy can also be in any resilient ball when it is hit by a striking implement, or 
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when it bounces (White, 2011). At the point of impact, the ball will distort from its natural spherical 
type shape against the elastic forces of the material. Like a football or tennis ball, they have a 
tendency to return to their natural shape. While the ball is in its distorted sates, potential energy is 
stored which when the ball returns to its natural shape is then released. During a sporting projectiles 
flight, it will be subjected to a gravitational force, if the mass of the body is ά and has been 
displaced by a height Ὤ, this will give: 
  
 ὋὶὥὺὭὸὥὸὭέὲὥὰ ὴέὸὩὲὸὭὥὰ ὩὲὩὶὫώάὫὬ 
 
Conservation of energy 
 
The conservation of mechanical energy states that: 
  
 In a system in which the only forces acting are associated with potential energy, (either of a 
gravitational or elastic nature), the sum of the kinetic and potential energy are a constant.  
 
In the case of a sporting projectile, the sum of the kinetic and potential energy will remain constant 
over the whole duration of the flight. For example, imagine a tennis player throwing a tennis ball 
vertically up and then catching it at the same position. As the ball leaves the hand with a certain 
amount of kinetic energy based on the velocity the ball is thrown at, and at this point has no 
potential energy. As the ball rises, due to gravity, the rate in which the ball rises decreases and this 
gains potential energy until at the top of the balls motion where it has zero velocity. At this point all  
ŦƻǊŎŜǎ ŀǊŜ Ŝǉǳŀƭ ŀƴŘ ƛǎ ǿƘŜǊŜ ǘƘŜ ōŀƭƭΩǎ ƳŀȄƛƳǳƳ ǇƻǘŜƴǘƛŀƭ ŜƴŜǊƎȅ ƛǎ ƻōǎŜǊǾŜŘ ŀƴŘ ȊŜǊƻ ƪƛƴŜǘƛŎ 
energy. As the ball starts to fall back towards the earth the reverse process happens. As the ball 
descends and loses height, it also loses potential energy while gaining kinetic energy as its velocity 
increases. The will eventually arrive back in the hand with same kinetic energy as when the ball was 
thrown up and the same velocity but with opposite signs reflecting the opposite direction of travel.  
 

Worked Example 2.5  

 
A tennis player throws a ball vertically upwards at τȢυάί . Use the law of conservation of energy 
to calculate how high the ball will travel.  
 
By the conservation of energy, the kinetic energy lost while the ball is going up is equal to the 
potential energy gained. Therefore at all times in the flight: 
 

 άὺ άὫὬ 

 
Rearranging the equation gives, 
 

 Ὤ
Ȣ

  Ȣ
ρȢπσςά 

 
  

Summary  
     
 In this chapter we have covered most of the fundamental physics required to commence trajectory 
calculations in the next chapter.   
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Chapter 3 ɀ Motion of projectiles under 
gravity 

3.1 ɀ Introduction  
 
¢ƘŜǊŜ ŀǊŜ Ƴŀƴȅ ǿŀȅǎ ǘƻ ǊŜǇǊŜǎŜƴǘ ŀ ǇǊƻƧŜŎǘƛƭŜΩǎ motion under the influence of gravity. One of the 
elementary methods involves the motion of the projectile in two orthogonal directions, and then 
recombines them into one single force. For sporting projectiles, these directions are often thought 
to be horiȊƻƴǘŀƭ ŀƴŘ ǾŜǊǘƛŎŀƭ ǿƛǘƘ ǊŜǎǇŜŎǘǎ ǘƻ ǘƘŜ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜΣ ǿƘƛŎƘ ƛǎ ǇǊŜǎǳƳŜŘ ǘƻ ōŜ ŦƭŀǘΦ ! ŦŜǿ 
other assumptions made for this chapter will be: 
 

¶ The projectile is small, heavy and round, thus is subject to negligible drag and lift. 

¶ It is assumed to be moving still through the air i.e. there is no cross, head or tailwind to 
disturb its trajectory. 

¶ ¢ƘŜ ǇǊƻƧŜŎǘƛƭŜΩǎ ǎǳǊŦŀŎŜ ƛǎ ǎƳƻƻǘƘ ŀƴŘ ǘƘŜǊŜ ƛǎ ƴƻ ǎǇƛƴ ƻƴ ǘƘŜ ǇǊƻƧŜŎǘƛƭŜΣ ǘƘŜǊŜŦƻǊŜ ƛǘ ƛǎ ƴƻǘ 
subject to any form of swing.  

¶ Unless otherwise stated, the projectile is launched from ground level in some upward 
direction, and lands also at ground level: the ground is assumed to be horizontal and flat. 

¶   ¢ŀƪƛƴƎ ǘƘŜ ΨŦƭŀǘ-ŜŀǊǘƘΩ ŀǎǎǳƳǇǘƛƻƴΣ ǿŜ Ŏŀƴ ǎǘŀǘŜ ǘƘŀǘ ƎǊŀǾƛǘȅ ŀŎǘǎ ƴƻǊƳŀƭ ǘƻ ǘƘŜ 9ŀǊǘƘΩǎ 
ǎǳǊŦŀŎŜΣ ƛƴ ǇŀǊŀƭƭŜƭ ƭƛƴŜǎ ƻŦ ŦƭǳȄ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ŘǳǊŀǘƛƻƴ ƻŦ ǘƘŜ ǇǊƻƧŜŎǘƛƭŜΩǎ ŦƭƛƎƘǘΦ  

 
 

Taking such assumptions into account, we can state the only force influencing the trajectory, 
after the initial impact, is the force of gravity. In addition, the only force with regards to the impact 
are the velocity and angle of the projectile immediately following the impact. Therefore, if values for 
gravity, initial velocity, and initial trajectory are known, it is possible to fully describe the motion of 
the projectile in terms of distance, time, maximum height, etc, following impact.  

 The initial velocity of the projectile is denoted by ὠ and its initial angle of trajectory in — to 
the horizontal plane, the velocity can be resolved into two orthogonal components, which are ὺ 
and ὺ as follows: 

  (3.1) 
 ὺ ὺὧέί—     

   (3.2) 
 ὺ ὺίὭὲ—  

 
where ὺ ƛǎ ǘƘŜ ŎƻƳǇƻƴŜƴǘ ƻŦ ǘƘŜ ǾŜƭƻŎƛǘȅ ǇŀǊŀƭƭŜƭ ǿƛǘƘ ǘƘŜ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜΣ ŀƴŘ ὺ represents the 

component orthogonal to it and parallel to the force of gravity. Taking some values of — gives us the 
following: 
 
— τυЈ - In this case both ίὭὲ— and ὧέί— πȢχπχρ, therefore both horizontal and vertical                    
components of the velocities are the same, and are 0.7071 of the actual launch velocity.  
— φπЈ - The horizontal component will be exactly half of the launch velocity, whilst the vertical 
component is 0.866 of the launch velocity. 
— σπЈ - The inverse of φπЈ case arises. This time the vertical velocity is half the launch velocity, 
while the horizontal velocity is 0.866 of the launch velocity. Interestingly both φπЈ and σπЈ will result 
in the same range achieved.  
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— πЈ - In this scenario, the horizontal velocity component is equal to the launch velocity and 
there is no vertical velocity component. Thus, the projectile is rolling along the floor.  
— ωπ - In this case the projectile is now being launched directly upwards, and the vertical velocity 
component is equal to the launch velocity and there is no horizontal component. Consequently the 
projectile will decelerate, reach is peak (maximum height) and fall back down to Earth, landing 
precisely at the launch point.  
 

3.2 ɀ Horizontal motion  
 
If you would, imagine a football being kicked high into the air and down the pitch, like a goal kick 
from the goalkeeper. The component ὺ would represent the velocity that the kicker would have to 
run in order to stay directly underneath the ball over the whole duration of the flight.  
On the basis of the assumptions stated above, after the initial impact of the kick, there will be no 
force acting on the ball in the ὼ direction. However, in accƻǊŘŀƴŎŜ ǿƛǘƘ bŜǿǘƻƴΩǎ ǎŜŎƻƴŘ ƭŀǿΣ ǘƘŜ 
velocity cannot change along this direction i.e. ὺ remains constant for the duration of the flight. 
Once the ball lands other forces will come into effect, some of which are discussed in the later 
chapter. Likewise, once we start to consider more complex aspects of flight, such as drag, spin and 
dynamic lift, the horizontal velocity is indeed subject to change and does not stay constant over the 
duration of the flight. 
 If one wants to know the position of the projectile along the ὼ direction at any point in time 
ὸ, while the projectile is in flight is given by: 
 
  
 
 ί ὺὸ ὺὸὧέί—                       (3.3)
  
 

Worked Example 3.1  

 
Jan Zelezny achieved a 98.48m world record javelin throw in 1996. If the time of the javelin flight 
was 3.82s and the angle was σφЈ what was the velocity. Conditions apply from 3.1. 
 
 From Equation 3.3: 
  

 ὺ
Ȣ

Ȣ   Ј
σρȢψχςάί  

 

3.3 ɀ Vertical motion  
 
The vertical component of velocity is subject to constant gravitational force ὥΣ ǿƘƛŎƘ ŀǘ 9ŀǊǘƘΩǎ 
surface is around ωȢψράί . The resulting vertical motion is equivalent to an object being thrown 
directly upwards, it reaches its peak at which point velocity is zero and thus drops back down to 
Earth at rate ὥ. The governing equation in this resolved diǊŜŎǘƛƻƴ ƛǎ ǘŀƪŜƴ ŦǊƻƳ bŜǿǘƻƴΩǎ ǎŜŎƻƴŘ ƭŀǿ 
of motion, Equation 2.4: 

 

 ί ὺὸ ὥὸ ὺὸίὭὲ— ὥὸ      (3.4) 
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This equation is of a quadratic form in ὸ, and tells us for every allowable value ί, there are 

potentially two values of ὸ. This means the projectile will pass though point ί on the way up at time 

ὸ, and then pass through the same point ί again on the way down at some later time ὸ.  

 Lǘ Ŏŀƴ ōŜ ǎƘƻǿƴ ǘƘŀǘ ǾŜǊǘƛŎŀƭ Ƴƻǘƛƻƴ ƛǎ ǎȅƳƳŜǘǊƛŎ ŀōƻǳǘ ǘƘŜ ǇǊƻƧŜŎǘƛƭŜΩǎ ǇŜŀƪ ǇƻƛƴǘΦ bƻǿ we 
can further assert that the projectile takes exactly the same amount of time to go up as it does to go 
down. Furthermore, at each position between release and peak points, the speed of the projectile 
on the upward path is the same as the speed on the downward path through that point. Only the 
sign changes for velocity vector. So throwing a tennis ball for example into the air so it leaves your 
hands at ράί  and catch it at the same height, it will land in your hands at a velocity of ράί . 
 Plotting for a typical sporting projectile (a football being kicked half way down the pitch), the 
time duration of the flight against the vertical distance ί we will get the familiar parabola of the 

quadratic function of Equation 3.4. 
 
 
 
Figure 3.1 ς Distance time graph of a 
projectile launched with a vertical 
component velocity of □▼ . It reaches 
its peak height of 1.83m and is in flight 
for 1.25s (White, 2011). 

 

 
 

Worked example 3.2  

 
In order to juggle four balls at the same time, the balls must be in the air for 0.8s. Assuming the ball 
move in a vertical direction only, (juggling with one hand) calculate the throw velocity and then the 
height the balls must achieve.  
 
As the balls are thrown and leave the hands, the velocity reduces from the throw velocity, ὺ, to 

πάί  in half the total time being 0.4s. It does this as it decelerates at a rate of ωȢψράί . The balls 
must be thrown at ὺ ωȢψρ ὼ πȢτάί σȢωςτάί  

 
 Now using Equation 3.4: 
 

 ί ὺὸ ὥὸ 

 

 σȢωςτ ὼ πȢτ
Ȣ
ὼπȢτ πȢχψυά 

3.4 ɀ Combined motion  
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As long as the assumptions listed in 3.1 apply, a projectile launched at some angle — to the 
horizontal plane with velocity ὺ, will have a velocity components, ὺand ὺ defined in Equation 3.1 

and 3.2. The projectile resultant motion at all times of the flight will be a combination of the two 
orthogonal motions. The vertical motion is governed by the launch velocity component, ὺ, and for 

the horizontal component, ὺ a simple linear motion with constant velocity.  
 We can combine Equations 3.3 and 3.4 by eliminating ὸ, we derive the projectile equation in 
Cartesian coordinates. From Equation 3.3: 
 

ὸ
ί

ὺ
 

 
Substituting into Equation 3.4: 
 

 ί ὺ ὥ      (3.5) 

 
By trigonometry on the velocity vectors 
 

 ὸὥὲ—  

 

 ί ίὸὥὲ—  

   

 ί ίὸὥὲ—     (3.6) 

   
Equŀǘƛƻƴ оΦс ƛǎ ŀ ǉǳŀŘǊŀǘƛŎ ŦǳƴŎǘƛƻƴ ǿƘŜǊŜ ǘƘŜ ǇǊƻƧŜŎǘƛƭŜΩǎ ǘǊŀƧŜŎǘƻǊȅ ƛǎ ƛƴŦƭǳŜƴŎŜŘ ƻƴƭȅ ōȅ ǘƘŜ 
gravitational forces, launched at an angle — to the horizontal plane and with velocity ὺ. This will 
formulate a parabolic shape which passes through the point of launch with a positive gradient of — 
and lands with gradient of —. 

Figure 3.2 ς The trajectory path 
of a projectile launched at 

□▼  at an angle 45Ј to the 
horizontal plane. Its peak height 
being 1.63m and range is 6.5m 
(White, 2011).  

 

3.4.1 ɀ Further results  
 
 As a tennis ball is hit, the velocity will not stay constant throughout its entire flight. 
Therefore to find the speed of the ball at any given point in its trajectory,ὺ is given by: 
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 ὺ  

 
  
 ὺÃÏÓ— ὺίὭὲ— ὥὸ 
 
 ὺÃÏÓ— ὺÓÉÎ— ςὺὥὸίὭὲ— ὥὸ 

 

 ὺ ὺ ςὥί                                                                      (3.7) 

 
 
¢ƘŜ ŀƴƎƭŜ ƳŀŘŜ ōȅ ǘƘŜ ǘŀƴƎŜƴǘ ƻŦ ǘƘŜ ǇǊƻƧŜŎǘƛƭŜΩǎ ǇŀǘƘ ǘƻ ǘƘŜ ƘƻǊƛȊƻƴǘŀƭ ŀǘ ŀƴȅ ǘƛƳŜ ŦƻƭƭƻǿƛƴƎ 
launch, — is given by: 
 

 ὸὥὲ—  

 

   

 

 ὸὥὲ—ὸὥὲ— ίὩὧ—     (3.8) 

    
This result could also have been derived by differentiating Equation 3.6 with respect to ίȡ 
 

 ὸὥὲ— ὸὥὲ—                                            (3.9) 

             

Whenever either Equation 3.8 or 3.9 equate to zero, this will represent the apex of the projectiles 
trajectory. (Gradient of trajectory is zero) 
 

π ὸὥὲ—
ὥὸϳ

ὺ
ίὩὧ— 

 
where ὸϳ  denotes the time taken from launch to apex and will be half the total time of flight: 

 
 ὸ

ϳ
 

 
By symmetry, hence, the total time of flight ὸ  will be twice ὸϳ  giving: 

 

 ὸ ς                                                               (3.10) 

 
Using Equation 3.9 we can also obtain the total range of the projectile. A the apex, again Ὠί Ὠίϳ

π Ȣ So: 
 

 π ὸὥὲ—
ϳ

 

 
where ί ϳ  is the horizontal distance launch to apex: 
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 ί ϳ  

 

 ίὭὲς— 

 
By symmetry, therefore, the total range of flight ί  will be twice ί ϳ : 

 

 ί ίὭὲς—  (3.11) 

We can now state that a projectile which is launched at coordinates position (0,0) with launch 
velocity ὺ and a launch angle —, will land at coordinates: 
 

 ȟπ 

 
 
In addition it will pass through a peak altitude with coordinates: 
 

 ȟ  

 
In sporting applications whether it be shot put or long jump the most important parameter to be 
maximized is normally the total distance travelled, or the total range of the flight. So what will be the 
optimum release angle to ensure the maximum range? Using Equation 3.11, ί will reach its 
maximum when ίὭὲς— achieves its maximum value of unity i.e. when ÓÉÎ ς—. This will be when 
ς— ωπ, thus the best angle to launch a projectile to achieve the maximum range, — , is τυЈ. 
However this is only true when assuming the conditions stated in Section 3.1. Especially the launch 
and landing points must be at the same height, in most sport cases like a tennis serve or a javelin 
throw this is not the case. Therefore a more complex analysis must be performed in order to 
determine the optimum release angle under conditions of different launch and land heights, and is 
the subject of the following section.  

 Lǘ Ŏŀƴ ǎŜŜƴ ǘƘŀǘ ŀ ǇǊƻƧŜŎǘƛƭŜΩǎ ǊŀƴƎŜ ƛǎ ŘŜǇŜƴŘŜƴǘ ƻƴ ὺ as well as ς—, implying the range is 
very sensitive to variations in the release velocity ὺ but less sensitive to the variation in the release 
angle —. Table 3.1 has indicated this clearly. This explains why a typical launch velocity of a javelin is 
συЈ and not the ideal launch angle of τυЈ. Biomechanical constraints limit the launch velocity 
achievable at the higher angle, and it is worth sacrificing the optimum angle to receive the increased 
throw velocity available at the low angles (White, 2011) 
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Table 1.1 shows the range of a 
projectile in meters for different 
values of launch angles and launch 
velocity (White, 2011). 

 

 

 Worked Example 3.3  

 
¦ǎƛƴƎ Wŀƴ ½ŜƭƴŜȊȅΩǎ ǊŜŎƻǊŘ ŘŜǎŎǊƛōŜŘ ƛƴ ²ƻǊƪŜŘ 9ȄŀƳǇƭŜ оΦмΣ ƴow calculate the maxumim height of 
the javelin, and the velocity and angle with which the javelin hits the ground. How much further 
would the javelin have flown if it had been thrown at τυЈ. 
 
The coordinates of the peak are calculated using: 
 

 ȟ  

 
Therefore, 
 

 ὺ  

 

 
Ȣ

  Ȣ
ρχȢψωά 

 
Using Equation 3.8 we can calculate the angle that the javelin makes on impact with the ground: 
 

 ὸὥὲ—ὸὥὲ— ίὩὧ— 

 

 ὸὥὲσφ
Ȣ Ȣ

Ȣ
 

 

 πȢχςφυ
Ȣ

Ȣ
πȢχςφω 

 

Range (m) Release velocity (m/s)   

angle(deg) 4 6 8 10 12 

30 1.41 3.18 5.65 8.83 12.71 

32 1.47 3.3 5.86 9.16 13.19 

34 1.51 3.4 6.05 9.45 13.61 

36 1.55 3.49 6.2 9.69 13.96 

38 1.58 3.56 6.33 9.89 14.24 

40 1.61 3.61 6.42 10.04 14.46 

42 1.62 3.65 6.49 10.14 14.6 

44 1.63 3.67 6.52 10.19 14.67 

46 1.63 3.67 6.52 10.19 14.67 

48 1.62 3.65 6.49 10.14 14.6 

50 1.61 3.61 6.42 10.04 14.46 

52 1.58 3.56 6.33 9.89 14.24 

54 1.55 3.49 6.2 9.69 13.96 

56 1.51 3.4 6.05 9.45 13.61 

58 1.47 3.3 5.86 9.16 13.19 

60 1.41 3.18 5.65 8.83 12.71 
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 — σφȢπρςЈ as expected 
 
Equation 3.11 allows us to calculate the maximum range if — τυЈ 
 

 ί ίὭὲς—
Ȣ

Ȣ
ίὭὲωπ ρπσȢυυά 

 
Such a range is yet to be accomplished in competition (White, 2011). 
 

3.5 ɀ Motion of projectiles at different levels  
 

3.5.1 ɀ Introduction  
 
¢ƘŜ ǘƘŜƻǊȅ ǎǘŀǘŜŘ ǎƻ ŦŀǊ Ƙŀǎ ŀǎǎǳƳŜŘ ǘƘŜ ƘŜƛƎƘǘ ƻŦ ǘƘŜ ǇǊƻƧŜŎǘƛƭŜΩǎ ƭŀǳƴŎƘ ƛǎ ǘƘŜ ǎŀƳŜ ŀǎ ǘƘŜ ŀǎ ǘƘŜ 
height in which it lands. Obviously, this is not always the case in sport, maybe in football and golf we 
can assume this. However, in vast number of cases, the launch height will indeed be different to the 
landing height.  
 We can extrapolate the theory above to include different levels of launch and landing for 
simple cases.  If the landing point ὖ is a vertical distance Ὤ above the launch point Ὤ πwe can 
conclude the time of flight and the horizontal distance covered. If the projectile lands at point ὖ 
which is below the origin,the Ὤ π. First let us find the time the projectile is in flight. From Equation  
 
 
3.4 and putting in the value Ὤ for ί, we obtain: 

 

 Ὤ ὺὸίὭὲ— ὥὸ 

 
In quadratic from this yields: 
 

 ὥὸ ὺὸ Ὤ π 

 
The solutions for ὸ therefore are: 
 

 ὸ  

 

When ὺίὭὲ— ЍςὥὬ, the solution is a complex number indicating the projectile never reaches 

the height Ὤ with the chosen values of ὺ and —. However when ὺίὭὲ— ЍςὥὬ there are two 
possible solutions for ὸ. One where the projectile travels up and the other when it comes back down. 
When Ὤ is negative, the lesser value of ὸ is also negative and can be neglected.  
 Since the time of flight has been calculated, we can derive the range by simple inserting the 
values of ὸ into Equation 3.3: 
 

 ί   (3.12) 
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We are now interested in the optimum launch angle and resulting maximum range for a given ὺ 
when the launch and landing height differ by Ὤ. We can derive this from Equation 3.12 but it is 
simple to use Equation 3.6 to obtain the same result. W begin by equating ί to Ὤ. 

  

 Ὤ ίὸὥὲ—   (3.13) 

 
Differentiating with respects to — yields: 
 

 π ὸὥὲ— ίÓÅÃ— ÓÅÃ— ÓÅÃ—ὸὥὲ— 

 
As we did before, we set Ὠί Ὠ—ϳ to zero to locate the point of maximum Ὠί, thus: 
 

 π ίÓÅÃ— ÓÅÃ—ὸὥὲ— 

 
Simplifying gives: 
 

 π ί ρ ὸὥὲ—  

 
giving two solutions: ί π, trivial and is neglected, and: 
 

 ί ὺὧέὸ— ί   (3.14) 
 
 
 
Now Equation 3.14 can be substituted into Equation 3.13 to obtain the maximum distance the 
projectile travels in the horizontal direction when it lands at a different height than the launch 
height.     
 
 

 ί   (3.15) 

 
 
From Equation 3.14, the optimum angle of projection is: 
 

 — ὥὶὧὸὥὲ   (3.16) 

 
 
Equation 3.15 and 3.16 demonstrate the allowable angles and subsequent maximum acquired 
distance, as Ὤ varies.  
 First consider firing onto a raised platform, making the value of Ὤ positive. As Ὤ increases 

ŦǊƻƳ л ǳǇ ǘƻ ŀ ΨǇƭŀǘŦƻǊƳΩ ƘŜƛƎƘǘ ƻŦ ὺȾςὥ, ί  ŘŜŎǊŜŀǎŜǎ ŦǊƻƳ ƛǘǎ ΨƭŜǾŜƭΩ ǾŀƭǳŜ ŀǎ ŘƛǎǘƛƴƎǳƛǎƘŜŘ ōȅ 
Equation 3.11, down to zero, when Ὤ ὺȾςὥ. This represents the maximum height the optimum 
angle, —, increases from τυЈ up to a theoretical ωπЈ. This proves the projectile must be launched 
vertically up to achieve its maximum possible height.  



    415104   
 

 
 Page 33 
 

 !ǎ ŀƴǘƛŎƛǇŀǘŜŘΣ ƭŀǳƴŎƘƛƴƎ ǇǊƻƧŜŎǘƛƭŜǎ ƻƴǘƻ ŀ ƭƻǿŜǊ ΨǇƭŀǘŦƻǊƳΩ ǎƘƻǿŎŀǎŜǎ ƴƻ ǎǳŎƘ ƭƛƳƛǘŀǘƛƻƴǎΥ 
the lower the level, the further the projectile will travel (ί ᴼЊ . Furthermore as ȿὬȿO Њ, the 
optimum angle, —ᴼπЈ. 
 
 
Summary 
 
In this chapter we have delved into the realms of simple projectile motion taking into the 
assumptions made in Section 3.1 into account. We have concluded that the initial velocity is more 
sensitive to the range than its initial release angle in section 3.4. In the following chapters we will 
start to remove the assumptions and take into account factors such as drag and spin to effect since a 
tennis ball is subjected to all these factors as it travels.  
 
 

 
 
 
 
Chapter 4 ɀ Drag and lift 

4.1 ɀ Introduction  
 
 Lift 
 
 
 

Aerodynamic forces 
 
 Direction of motion  
 
                                                                                                                 Figure 4.1 - Shows the aerodynamic forces (Croft, 1988)  

 
 
 Drag 
  
 mg 
 
 
 
When a tennis ball is hit by a racket, it will travel through a fluid (i.e. gas or liquid), usually air as it 
progresses on its path.  The displacement  of the medium (air molecules) as it moves out of the path 
ƻŦ ǘƘŜ ǇǊƻƧŜŎǘƛƭŜΩǎ ǘǊŀƧŜŎǘƻǊȅΣ ǇǊƻŘǳŎŜǎ ŀ ǊŜactive force on the projectiles which acts to slow it down. 
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Therefore as a projectile carves its way through the fluid, the air molecules will; (a) change direction 
as they are pushed out of the way by the projectile, or make a detour around it, and (b) attain some 
new mean speed, superimposed on the random Brownian motion of the otherwise undisturbed 
molecules (White, 2011). 
 This reactive force of the fluid which impedes the flow of the projectile is known as the drag 
force. Drag is made up of friction forces, which acts parallel ǘƻ ǘƘŜ ǇǊƻƧŜŎǘƛƭŜΩǎ ǎǳǊŦŀŎŜΣ ŀƴŘ ǇǊŜǎǎǳǊŜ 
ŦƻǊŎŜǎΣ ǿƘƛŎƘ ŀŎǘǎ ƛƴ ŀ ŘƛǊŜŎǘƛƻƴ ǇŜǊǇŜƴŘƛŎǳƭŀǊ ǘƻ ǘƘŜ ǇǊƻƧŜŎǘƛƭŜΩǎ ǎǳǊŦŀŎŜΦ ¢ƘŜ ŘǊŀƎ ŦƻǊŎŜ vector 
ŀƭǿŀȅǎ ŀŎǘǎ ƛƴ ƻǇǇƻǎƛǘƛƻƴ ǘƻ ǘƘŜ ǇǊƻƧŜŎǘƛƭŜΩǎ ŘƛǊŜŎǘƛƻƴ ƻŦ Ƴotion and its magnitude, to a first 
approximation, is proportional to the square of its velocity. Taking our case of simple parabolic 
trajectory , the drag vector will change direction continuously over the whole flight duration in order 
to always act along the tangent of the parabolic curve (White, 2011).  
 In most cases drag is thought to be in all aspects unhelpful, in most sporting applications, 
usually speed or distance should at all times be maximized. However, the asymmetric shape of a 
particular projectile, or the way it is thrown or hit, may result in a component of the drag force 
which acts ωπЈ to the direction of motion. This vector will have a considerable component acting in 
opposition of the gravitational force: this is known as the lift force. It is this lift force that keeps 
aircrafts flying and in sporting terms can extend the period of time the projectile is in the air, 
consequently allowing it to travel further (White, 2011).  
  In summary, over a limited range of velocities faster than what we call slow in sporting 
terms, we can state: 
 

 Ὂ ὅ”ὃ     (4.1) 

 

 Ὂ ὅ”ὃ                         (4.2) 

 
where Ὂ  and Ὂ are the drag and lift forces respectively, ὅ  and ὅ are the coefficients of drag and 
lift respectively, ” is the density of the fluid, ὃ is the frontal or cross-sectional area exposed to the 
flow, and ὺ is the velocity of the projectile relative to the fluid. Therefore  as velocity increases, not 
only do the air molecules sweep past the projectile faster which creates more friction, but 
ŎƻǊǊŜǎǇƻƴŘƛƴƎƭȅ ƳƻǊŜ ΨƳŀǎǎ ƻŦ ǇŀǊǘƛŎƭŜǎ ǇŜǊ ǎŜŎƻƴŘΩ ǎǘǊƛƪŜ ǘƘŜ ǇǊƻƧŜŎǘƛƭŜΦ ¢ƘǳǎΣ ǘƘŜ ƳƻƳŜƴǘǳƳ 
change per second increases as a product of the two, and the resulting force is equivalent to the 
change of momentum divided by time.  
 The drag force will cause a retardation of the projectile which is inversely proportional to the 
mass of the projectile (White, 2011). We can write this as: 
 

 ὶὩὸὥὶὨὥὸὭέὲᶿ    

 
Table 4.1 shows the common sporting projectiles in order of, the reciprocal of their retardation 
values. It lists the balls least affected by drag at the top and those which slow down considerable by 
virtue of, either their large size, or their light weight, at the lower end. However some of the larger 
sporting balls such as footballs and basketballs are not listed, this is because of their diameter is such 
that, in normal play, they will break what is teǊƳŜŘ ŀǎ ǘƘŜ ŎǊƛǘƛŎŀƭ wŜȅƴƻƭŘΩǎ ƴǳƳōŜǊ (White, 2011). 
When this occurs, drag reduces significantly.  
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Table 4.1 shows the retardation 
values for common sporting 
projectiles (White, 2011) 

     

Worked Example  4.1 

 
The ITF (International Tennis Federation) has for some time been concerned that their game is 
ǘǳƴƛƴƎ ƛƴǘƻ ŀ ΨDŀƳŜ ƻŦ ŀŎŜ ǎŜǊǾŜǎΩΦ Lƴ ŀƴ ŜŦŦƻǊǘ ǘƻ ǎƭƻǿ Řƻǿƴ ǘƘŜ ƎŀƳŜ ŀƴŘ ŜƴŎƻǳǊŀƎŜ ǎǳŎŎŜǎǎŦǳƭ 
returns and more prolonged rallies, they have approved  a new ball specification which is 6 percent 
larger than the traditional ball, and 2g heavier. If the traditional ball is 6.35cm and its mass is 58g, 
what is the increase in retardation of the new ball over the traditional? 
 
Retardation is calculated by: 
 
 

 ὶὩὸὥὶὨὥὸὭέὲ 

 

Retardation of traditional ball: 
 

 
Ȣ

  
πȢπχ 

 
and for the new ball: 
 

 
Ȣ   Ȣ

  
πȢπχυυ 

 
This shows there is an increase of about 8 percent over the old balls. 

4.2 ɀ Types of drag 
 
 
 
Figure 4.2 ς Creation of eddies around a travelling ball 

Type of ball Mass m (kg) Diameter d (m) m/d(kgά ) 

Lycrosse 0.142 0.0635 35.22 

Cricket 0.156 0.07 31.84 

Hockey 0.156 0.07 31.84 

Golf (uk) 0.046 0.041 27.36 

Baseball 0.17 0.074 31.04 

Golf (US) 0.046 0.043 24.88 

Table tennis 0.0255 0.0381 17.57 

Squash 0.024 0.04 15 

Tennis 0.0567 0.0635 14.06 
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Primarily there are three types of drag, these are surface or friction drag, form drag and 
interference drag, and wave drag. Each type occurs in different situations and have different effects 
on the projectile.  
  

4.2.1 ɀ Surface or friction drag  
 
When a projectile cuts throw the air, the layer of air molecules which come into contact with the 
surface of the projectile, to some extent, get dragged along with the projectile and in doing so pick 
up energy from the moving projectile. These molecules in turn, cause the next layer of molecules to 
be dragged along. The process continues for several layers until the energy transfer between the 
layers become negligible. The energy that the molecules pick up can only come from the projectile 
itself, thereby slowing it down. The projectile not only carries itself, but certain amount of the 
surrounding air molecules along with it. This type of aerodynamic flow is called laminar flow, and the 
moving layers of air proximity to the projectile are known as the boundary layer.  
 As velocity increases, the boundary layer thickness reaches a point where it becomes 
unstable, breaking down forming a series of eddy currents which surround the projectile. This will 
reduce the drag, usually quite considerable and rapidly, creating what is known as turbulent or 
chaotic flow. The velocity of the projectile, its surface area, and surface roughness and the viscosity 
of the fluid in which is it travelling through will govern both the magnitude of the surface drag and 
the point of onset of chaotic flow (White, 2011).  

4.2.2 ɀ Form drag and interference drag 1 
 
Form drag, which is also known as profile or pressure drag, arises because of the shape of the 
projectile. Projectiles that have a larger cross-section area in the direction of the trajectory path will 
have a higher drag than thinner ones. Projectiles which are sleek and streamlined in nature such as a 
javelin, where the cross-sectiononal area changes over its length are also a vital for achieving 
minimum form drag. However right at the back of the javelin something known as  interference drag 
occurs.  
 Interference drag is created whenever two surfaces meet at a sharp angle, or even where 
two parallel surfaces are spaced closely together, even if they happen to be in line with the airflow. 
In such cases complex vortices are created in the vicinity of the projectile, which trap both high and 
low pressure regions in a highly localised manner, disrupting the movement of the projectile as it 
travels through the air. Fairings are added to fast moving vehicles to smooth out the surface, leading  
to significant reduction in interference drag (White, 2011).  
 

4.2.3 ɀ Wave drag 
 
Wave drag is created by shock waves building up around the projectile. There is a limit to how fast 
the air molecules can move to accommodate the travelling projectile, and once the limit is reached, 
stability can only be maintained by the generation of longitudinal waves in the air at the front of the 
projectile. As the projectile forces its way through those waves considerable energy is leached from 
the projectile, and may result up to a fourfold increase in drag. This would be enough to cause the 
projectile to destabilize and tumble to the ground (White, 2011). 
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4.3 ɀ Linear resistive medium  
 
 
 
Figure 4.3 ς Variation of ╒╓ with ╡▄ 

 

 Ὂ ὅ”ὃ                                   (4.3) 

 
In the simplest cases of drag, Equation 4.3 will  be used with ὲ ρ implying the resistive force is 
proportional to velocity (only true for very small objects). Therefore the drag will vary in magnitude 
and direction over the whole duration of the flight.    
Assuming a projectile is fired from ground level with launch velocity ὺ and — to the horizontal a 
constant Ὧ which defines the resistance coefficient per unit mass, using standard vector notations 
ǘƘŜ Ŝǉǳŀǘƛƻƴ ƻŦ Ƴƻǘƛƻƴ ŦƻǊ ǘƘŜ ǇǊƻƧŜŎǘƛƭŜ ƛǎ ŀǘǘŀƛƴŜŘ ōȅ ŜǉǳŀǘƛƴƎ ŦƻǊŎŜǎ ƛƴ ŎƻƴƧǳƴŎǘƛƻƴ ǿƛǘƘ bŜǿǘƻƴΩǎ 
second law of motion.  
 

 Ὂ άὥ ά άὯὺ○ άὫ▒ 

 

 ὶ
 Ὧὺ
Ὣ Ὧὺ    (4.4) 

 
 
We can solve Equation 4.3 for ὼ and ώ components respectively, with values at launch being: 
 
 — —, ὺ ὺ, ὺ ὺ , ὺ ὺ , ► π ί ί ί  

 
Solving horizontally: 
 

 Ὧὺ 

 

 ᷿ Ὧ᷿ Ὠὸ 

 
therefore: 
  

 ὰέὫ Ὧὸ 

 

 ὺ ὺ Ὡ  

 

 ᷿ Ὠί ὺ ᷿Ὡ Ὠὸ          
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 Ḉ ί ρ Ὡ      (4.5) 

 
 
Solving vertically: 
 

 Ὣ Ὧὺ 

 

 ᷿ ᷿Ὠὸ 

 
therefore: 
 

 ὰέὫ ὸ 

 

 ὺ Ὣ Ὧὺ Ὡ                                                                                  (4.6) 

 

 ᷿ Ὠί ᷿ Ὣ Ὧὺ Ὡ Ὠὸ 

 

 Ḉ ί Ὧὺ Ὣ ρ Ὡ                                          (4.7) 

 
Combining Equation 4.4 and 4.6 by equating ὸ, to obtain the equation of the trajectory. From 
Equation 5.6: 
 

 ὸ ὰέὫρ  

 
now substitute into Equation 4.6: 
 

 ί ὺ ὰέὫρ  

 
However ὺ ὺὧέί— and ὺ ὺίὭὲ—. Therefore: 
   

 ί ίὸὥὲ— ὰέὫρ     (4.8) 

 

Worked Example 4.2  

 
Lƴ ǘƘŜ ŎŀǎŜ ƻŦ Wŀƴ ½ŜƭŜȊƴȅΩǎ ǿƻǊƭŘ ǊŜŎƻǊŘ ƧŀǾŜƭƛƴ ǘƘǊƻǿΣ ǿŜ ŎŀƭŎǳƭŀǘŜŘ ǘƘŀǘ ƛŦ ǘƘŜ ƧŀǾŜƭƛƴ ǿŀǎ ǘƘǊƻǿƴ 
at 36Ј to the horizontal plane, his throw velocity was σρȢψχάί . Calculate the height of the javelin 
when it is 20m from the thrower (a) in the degrees case and (b) when there is a drag coefficient, Ὧ, 
of 0.07. 
 
For the drag less case, using Equation 3.6 we get the following: 
 

 ί ίὸὥὲ—  
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 ςπ ὼ ὸὥὲσφ
Ȣ   

  Ȣ
 

 

 ρτȢυσ ρρȢυςά 

 
Now for the case where the drag coefficient is 0.07, using Equation 4.8 yields: 
 

 ί ίὸὥὲ— ὰέὫρ     

 

 ςπ ὸὥὲσφ
Ȣ     

Ȣ   Ȣ

Ȣ

Ȣ
ὰέὫρ

Ȣ     

Ȣ
  

 

 ρτȢυσ
Ȣ

Ȣ
ςππς ὼ ὰέὫπȢωτφ 

 
 =14.53+108.75-111.77 
 
 ρρȢυρά 
 
When taking into drag factor we see a reduction of 1cm only.  
 
 

4.4 - Lift  
  
²Ŝ ǎǘŀǘŜŘ ŜŀǊƭƛŜǊ ǘƘŀǘ ǘƘŜ ŘƛǊŜŎǘƛƻƴ ƻŦ ǘƘŜ ŘǊŀƎ ǾŜŎǘƻǊ ƛǎ ŀƭǿŀȅǎ ŀƭƛƎƴŜŘ ǿƛǘƘ ǘƘŜ ǇǊƻƧŜŎǘƛƭŜΩǎ 
changing direction as it travels along its trajectory, however acts against that direction. By 
comparison, the lift force is always orthogonal to the drag force, with the exception of the vertical 
throw; it will always have a component that opposes the gravitational force which will align when 
the projectile is at its peak height. 
 However, for a non-spinning, smooth ball travelling through the air, the lift coefficient ὅ is 
negligibly small small when compared to the drag. On the other hand, this is not the case for a back 
spun ball, which will have a considerable value of ὅ, resulting to a obvious altered flight.  Similarly, 
placing top spin on a ball reduces the lift coefficient to the point where the lift force acts 
downwards, adding to the gravitational force which again changes the flight trajectory considerably 
(White, 2011).   

4.5 ɀ Headwind, tailwind and crosswind  
 
It is quite simple to deal with headwind and tailwind mathematically. To a first approximation, we 
shall assume wind flows horizontally only and thus only the ὼ-component of an appropriate 
parametric equation is affected. Taking a simple case of no drag, other than a headwind or tail wind, 
Equation 3.3 can be modified to:   
 
 ί ὺ ὺὸὧέί— ‟ὸ 
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where ‟ is a parameter representing a constant wind force over the complete duration of the flight.  
Simple vector analysis leads to the resulting throw vector relative to the headwind, ὺ , given as: 
 
 ὺ ὺ ςὺ‟ὧέί— ‟ 
 
while: 
 

 ὸὥὲ‰   

 
where ὸὥὲ‰ is the angle of the ball relative to the headwind.  
 

 
 
 
 
Figure 4.4 (a, b) Crosswind vector calulation 

 

 
With reference to Figure 4.1a, assume the ball is propelled along OA with a constant velocity of ὺ 
and a launch angle of — to the horizontal plane, with the wind travelling through left to right of 
value ‟. The forward horizontal velocity vector OA will have a  magnitude of ὺὧέί—. Vector OB will 
be the velocity relative to the airflow, and the angle • will be given by the equation: 
 

 ὸὥὲ•  

 
Now, looking at figure 4.1b the path of the ball relative to the air is represented by the vector OC at 
an angle • with direction OE in which it is actually propelled. Nevertheless, the ball will travel over 
to D; the sideways deflection being given by the vector ED. If the time of flight given by ὸ, wind 
speed is ‒ then CD is equal to ‒ὸ. Therefore ὉὈ ὅὈ ὅὉ ‒ὸὙὸὥὲ• : 
 

 ‒ὸ ‒ὸ                         (4.9) 

       

Worked Example 4.3  

 
In an American football punt a ball is kicked at φπЈ to the horizontal plane, at συάί . The range is 
22m and the time of flight is 0.6s. If it is kicked in a constant crosswind of ψάί , calculate its 
deflection. 
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 Using Equation 5.19 we get: 
 

 ὉὈ ‒ὸ ψπȢφ  

 
 ψ ὼ πȢφφ υȢςφά 
 
 
Summary 

    
In this chapter we have looked at drag and lift and how they are created and affect a projectile. Also 
we examined headwind, tailwind and crosswind and they all affect the trajectory of a projectile.  

 

Chapter 5 ɀ Impact and bounce  

5.1 - Introduction  
 
CǊƻƳ ŀƴ ŜƴŜǊƎȅ Ǉƻƛƴǘ ƻŦ ǾƛŜǿΣ ǘƘŜ ƳŜŎƘŀƴƛǎƳ ƻŦ ōƻǳƴŎŜ ǎǳǊŜƭȅ ƛƴǾƻƭǾŜǎ ǘƘŜ ǘǊŀƴǎŦŜǊ ƻŦ ǘƘŜ ōŀƭƭΩǎ 
kinetic energy into an elastic potential energy as the ball distorts. In its distorted state, the potential 
energy is stored within the ball, as the ball starts to return to its normal shape, it gives up this 
ǇƻǘŜƴǘƛŀƭ ŜƴŜǊƎȅ ǘƻ ǘƘŜ ōƻǳƴŎƛƴƎ ǎǳǊŦŀŎŜΦ .ȅ bŜǿǘƻƴΩǎ ǘƘƛǊŘ ƭŀǿ ŀ ǎǳǊŦŀŎŜ ŦƻǊŎŜ ǿƛƭƭ ōŜ ŎǊŜŀǘŜŘ 
which reacts back onto the ball impacting kinetic energy upon it, and this the ball lifts off in the 
opposite direction to that of the initial impact.  
 It is clear that during these processes of bouncing where energy is being transferred, there is 
opportunity for energy loss, by sound, heat and molecular processes. Therefore reducing energy loss 
will result a ball attaining its optimal bounce potential.  

5.2 ɀ Coefficient of restitution  
 
The coefficient of restitution (CoR) of an object Ὡ, is a fractional value equal to the ratio of 
velocities before and after impact. Therefore a ball which has a theoretical value of Ὡ ρ would 
collide with an object perfectly, elastically meaning the ball would bounce back up to the height in 
which it was dropped at (Impossible). By contrast if a ball had a value of Ὡ π, it would on contact 
stick to the impacting body and not bounce at all (White, 2011).  

5.3 ɀ Normal impact  
 
Two bodies colliding with velocities just prior to impact of ό and ό, and velocities immediately 
after impact of ὺ and ὺ, the (CoR) is given by: 
 

 Ὡ     (5.1) 

 
where ό is the initial velocity of the first body, ό is the initial velocity of the second body, ὺ is the 
final velocity of the first body and ὺ the final velocity of the second body. For a body bouncing off a 
static surface at 90Ј is given by: 
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 Ὡ      (5.2) 

 
where ό is the speed of the body immediately prior to the impact and ὺ is the speed immediately 
after the impact.  For a normal collision Equation 5.2 can be written as: 
 

 Ὡ      (5.3) 

   
where Ὤis the drop height and Ὤ is the bounce height.  
 
 

Table 5.1 shows some interesting CoR  

  

Worked Example 5.1  

 
Use the CoR values from table 5.1 to calculate the difference in height of bounces between an old 
and a new tennis ball when they are both dropped from a height of 1.6m 
 
Using Equation 5.3: 
 

 Ὡ πȢχρς
Ȣ

     

 
 Ὤ πȢχρς ὼ ρȢφ 
 
 Ὤ πȢψρρά 
 

 Ὡ πȢφχ
Ȣ

 

 
 Ὤ πȢφχ ὼ ρȢφ 
 
 Ὤ πȢχρψά 
 
There is a 9.3cm difference between old and new tennis balls. 
 
 

Type of ball CoR 

Tennis ball (old) 0.712 

Tennis ball(new) 0.67 

Basketball 0.6 

Baseball 0.55 

Field Hockey 0.5 

Cricket ball 0.31 
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5.4 ɀ Oblique impact  

5.4.1 ɀ Inelastic bounce on a rough rigid surface  
 
CǊƛŎǘƛƻƴ ŀŘŘǎ ŀ ŎƻƴǎƛŘŜǊŀōƭŜ ŎƻƳǇƭŜȄƛǘȅ ǎƛƴŎŜΣ ƻƴ ǘƘŜ ōŀƭƭΩǎ ŎƻƴǘŀŎǘ ǿƛǘƘ ǘƘŜ ǎǳǊŦŀŎŜ ŀǘ ŀƴ ƻōƭƛǉǳŜ 
angle, there is a tendency for the ball to rotate due to the turning moment of the frictional force on 
the ball. The rotation extracts energy out of the bounce, and the amount of rotation created is 
dependent on the incident velocity and angle, CoR, and friction between ball and surface and the 
moment of inertia of the ball.  
 Figure 4.1 shows a ball of mass ά and radius ὥ, approaching from the left with an incoming 
velocity ό, rotating at an angular velocity in an anti-clockwise direction, and at an angle — to the  
normal. It rebounds off the surface (CoR =Ὡ) with a rebound velocity ὺ, an angular velocity ĸ, maybe 
in a clockwise direction, and at an angle  to the normal.  

 
 
 
 
Figure 4.1 ς Bounce of an elastic spinning ball against a rigid 
surface also including friction (White, 2011).  

 

The tangential component if the incident will be opposed by the frictional force, Ὂ, which 
will reduce the tangential component of the reflected velocity (from ό to ὺ) and reduces the 
angular velocity, from to ĸ, which may result in a reversal of the spin. Finally there is a reaction  
force, Ὑ, acting normally out of the surface as a consequence of the impact. 
 .ȅ bŜǿǘƻƴΩǎ ƭŀǿǎΣ ǘƘŜ ŎƘŀƴƎŜ ƛƴ ƳƻƳŜƴǘǳƳ ƻŎŎǳǊǊƛƴƎ ƻƴ ǘƘŜ Ŏƻƭƭƛǎƛƻƴ Ƙŀǎ ǘƻ ōŜ Ŝǉǳŀƭ ǘƻ ǘƘŜ 
impulse of the force producing it. The horizontal and vertical components equate as follows: 
 
 Ὂ᷿Ὠὸάὺ ό                        (5.4) 
    
 Ὑ᷿Ὠὸάὺ ό                  (5.5) 
 
We can equate the change in momentum to the impulsive torque produced by Ὂ which acts at a 
distance ὥ from the centre of the ball. This is denoted by ᷿ ὊὨὸ ὼ ὥ and must be equal to the 
difference between the angular momentum before and after the bounce. 
 
 ὥ᷿ ὊὨὸὍ ĸ άὯ  ĸ                 (5.6) 
 
where Ὧ represents the radius of the gyration of the ball. There we can state: 
 
 ὺ Ὡό    (5.7) 
 
Although various different bounce conditions may occur we shall examine two major ones. 
 
Case 1 ς The ball does not achieve enough angular velocity to roll, therefore slides though out the 
duration of the impact process 
  



    415104   
 

 
 Page 44 
 

  Ὂ ‘Ὑ and thus ᷿ ὊὨὸ‘     (5.8) 
 
   where ‘ denotes the coefficient of kinetic friction (i.e. sliding) between the surface and the ball. 
 
Using Equations 5.4, 5.5 and 5.8, we discover: 
 
 ὺ ό ‘ ό ὺ  
  
 ‘ό ρ Ὡ from Equation 5.7 
 
Then from Equations 5.6 and 5.8: 
 

  ĸ
᷿

 

 

Now for most sporting balls the moment of inertia, Ὅȟ is equal to άὥȢ Therefore: 

 

  ĸ  

 
The conditions after the rebound are given by: 
 
 ὺ ό ‘ό ρ Ὡ                                                            (5.9) 
 
 ὺ Ὡό                     (5.10) 
 
 
 

 µ ρ Ὡ (5.11)                 

 

    We know ὸὥὲ—ό όϳ  and ὸὥὲ  therefore using Equations 5.9 and 5.10 

 

 ὸὥὲ  

 
and finally: 
 
 Ὡὸὥὲὸὥὲ—‘ ρ Ὡ   (5.12) 
   
 
Case 2 ς The ball grips the surface before completion of impact, and rolls off the surface 
 
The Equations (5.4) and (5.7) still apply for case 2. However, on this occasion Ὂ will be zero before 
the ball leaves the surface. 
 
Equation 4.4 to 4.6 yields: 
 

 ὺ ό
᷿ ĸ

 

 

Same as before, Ὅ άὥ and hence Ὧ ὥ and: 
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 ό ὺ ĸ                      (5.13) 

 
If the ball is completely rolling before it leaves the surface, we can use the standard rotational 

identity that ĸ  and hence Equation 4.13 becomes: 

 

 ό ὺ  

 

 ό   

 
To summarize, the conditions immediately following rebound, in this case when the ball is 
completely rolling before it leaves the surface, are given by: 
 

 ὺ                         (5.14) 

 
 ὺ Ὡό                (5.15) 
  

 µ           (5.16) 

 
Now to find the limiting case for slipping to stop, and rolling to just begin before the ball leaves the 
surface, is found by equating ὺ from case 2 in Equation 5.14 with that of case 1 in Equation 5.9. 
Combing both these equations gives: 
 
 
 

 ό ‘ό ρ Ὡ 

 

 ‘ό ρ Ὡ ό ὥ 

 
Therefore the limiting condition for rolling to occur will be given by the equation: 
 

 ‘ό ρ Ὡ ό ὥ(5.17)                   

 
5.14 and 5.15 giving: 
 

 ὸὥὲ  

 
But as ό όὧέί— 
 
Hence: 
 

 Ὡὸὥὲὸὥὲ—      (5.18) 

 
 

Worked Example  5.2 
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Following a tennis serve, the ball hits the grass surface at υπάί  at an angle of 30Ј to the 
horizontal — φπЈ. If there is a back spin of ρππὶὥὨί  just  before impact, calculate the angle  of 
rebound where Ὡ πȢχȟ‘ πȢφ ὥὲὨ ὥ σȢςυὧάȢ 
 
First we need to figure out whether or not the ball has enough angular velocity to roll before 
breaking contact with the court as that will be the deciding factor  in whether Equation 5.12 or 5.18 
will be used. Using Equation 5.17: 
 

 ‘ό ρ Ὡ ό ὥ 

 
then rolling will occur:  
 
 ό όὧέί—υπὧέίφπ ςυάί  
 
 ό όίὭὲ—υπίὭὲφπ τσȢσάί  
 
For rolling to occur: 
 

 πȢφ ὼ ςυρ πȢχ τσȢσ πȢπσςυ ὼ ρππ 

 
 ςυȢυ ρσȢσ 
 
Therefore rolling will occur, hence we will make use of Equation 5.18 in our further calculation 
 

 Ὡὸὥὲὸὥὲ—  

 

 πȢχὸὥὲὸὥὲφπ
  Ȣ   

    
 

 

 ρȢςσχ
Ȣ

ρȢς 

 

 ὸὥὲ
Ȣ

Ȣ
ρȢχρτ 

 
  υωȢχτЈ 
 
The ball bounces off the ground just slightly higher than the approach angle, by 0.26Ј. 
 
Summary 
 
In this chapter we have looked at impact and bounce and how a ball with a different CoR reacts of a 
surface and come to the conclusion that both have an effect on the trajectory of a ball. The CoR is 
the main physical parameter that describes bounce. Its values range between 0<e<1, where e=0 
represents no bounce and e=1 representing a perfect bounce with impact velocity being equal to the 
rebound velocity.   
 
 

Chapter 6 ɀ Effects of spin 
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6.1 ɀ Introduction  
 
In many ball sports, such as tennis, top-spin or backspin maybe be applied to a tennis ball in order to 
alter its flight path and the time of flight. Backspin will allow a ball to hang for longer, therefore has 
more time to travel further, top-spin on the other hand will reduce the time of flight and cause the 
parabolic curve to in a manner that emphasizes and tightens the radius of the curve (White, 2011). 
In tennis this allows the ball to transverse the court faster while both clearing the net and landing 
within the baseline.  

6.2 ɀ Basic principles  
 
Figure 6.1 shows how air flows over a ball which is moving right to left, while at the same time 
spinning in a clockwise direction, this is known as the Magnus effect. As a spinning balls travels 
through the air with a certain velocity such that both sides A and B from Figure 6.1 are beyond the 
critical value (both sides are in turbulent flow), the boundary layer separation will advance forward 
on the side of the ball that is spinning in opposite direction to the airflow. This is due to a reduction 
in pressure drag in this particular region. Following on, the boundary layer will retreat further 
towards the back of the ball on the side where spin is moving with airflow (B in Figure 6.1), as the 
increased pressure drag holds the boundary layer close to the ball for longer.  
 The irregular boundary layer separation due to the balls spin leads to a deflection of the 
ǿŀƪŜ ōŜƘƛƴŘ ǘƘŜ ōŀƭƭΦ ¢ƘŜǊŜŦƻǊŜΣ bŜǿǘƻƴΩǎ ǘƘƛǊŘ ƭŀǿ ǎƘƻǿǎ ǳǎ ǘƘŀǘ ǘƘŜǊŜ Ƴǳǎǘ ōŜ ŀ ǊŜŀŎǘƛǾŜ ŦƻǊŎŜ 
acting upwards as a consequence of the downward pointing deflected wake. To summarise, the 
momentum change due to the wake deflection is balanced by a momentum change in the ball 
causing it to move upwards, this is the Magnus force (White, 2011).  
 

  
 
 
 
Figure 6.1 ς Flow lines around a spinning ball 

 

 
If we take the lift and drag forces on a spinning ball to be ὒ and Ὀ respectively, as before, we 

assume the drag to be proportional to ὺ and the lift to be directly proportional to ὺ.  
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Therefore: 
 

 Ὀ Ὧὺ ὅ”ὃὺ and ὒ Ὧὺ ὅ”ὃὺ          (6.1) 

 
where ὅ  and ὅ are the drag and lift coefficients respectfully, ” is the density of the fluid, ὃ is the 
cross-sectional area of the projectile and ὺ ōŜƛƴƎ ǘƘŜ ǇǊƻƧŜŎǘƛƭŜΩǎ ǾŜƭƻŎƛǘȅΦ  
 
¢ŀƪƛƴƎ ǘǿƻ ǾŀƭǳŜǎ ŦƻǊ Ψ¢ŀƛǘΩ coefficient, Ὧ and Ὧ as: 
 

 Ὧ
  
 and Ὧ  

 
Therefore the retardation due to drag will be: 
 

     (6.2) 

 
and the acceleration due to lift is: 
 

 Ὧὺ  (6.3) 

 
With reference to Figure 6.3, the force along the projectile direction vector equates to: 
 

 ά ά άὫίὭὲ— 

 

 ὫίὭὲ—    (6.4) 

  
Therefore the net acceleration orthogonal to the trajectory will be Ὧὺ Ὣὧέί—. This acceleration 
is assumed constant then the projectile is destined to travel on a perpetual circular path. However 
the lift force will reduce over the duration of the flight leading to a path of increasing radius, hence 
the force turning the projectile through the circle must be balanced by a centripetal force given by 
άὶὨ—ȾὨὸ. The centripetal acceleration is given by: 
 

 Ὧ Ὣὧέί—ὺ  

 
So: 
  

 Ὧ                    (6.5) 

 
It is necessary to integrate Equations 6.4 and 6.5 to obtain the equation of motion for a spinning 
projectile. Note, although many trajectories in sport may have started  their flight  with  launch 
angles greater than, say σπЈ, the projectile  will still be less than ρπЈ for much of  its flight time. If — 
is assumed small then we may say that ίὭὲ—π ὥὲὨ ὧέί—ρ (White, 2011). Equations 6.4 and 6.5  
 
 
now become: 
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    (6.6) 

   
and: 
 

 Ὧ      (6.7) 

 
  
Rearranging Equation 6.6 yields: 
 

         

 
integrating with respects to time with the boundary conditions that, at launch time, ὸ π ὥὲὨ ὺ
ὺ, we obtain: 
 

 ὺ      (6.8) 

 
Combining Equation 6.8 and 6.7 and substituting for ὺ yields: 
 

 Ὧ  

 
This can also be integrated with respects to time to attain an expression for the angle of the 
projectile at any time ὸ into the flight for a given launch angle — and a launch velocity ὺ.  
 

 — — Ὧ ὸ     (6.9) 

 
where the Tait variable Ὧ and Ὧ may be obtained experimentally and are based on drag and lift of 
the projectile.  
 If the projectile moves a cumulative distance Ὠί during its flight, the its corresponding 
cumulative height will increase by an amount ίὭὲ—Ὠί, which equals —Ὠί if we apply our assumption 
of — being small. Therefore, its height, ί at any time ὸ is given by the following: 

 

 ί ᷿—Ὠί᷿ Ὠὸ᷿—ὺὨὸ               (6.10) 

  
Using Equations 6.8 and 6.9 we can obtain an expression for —ὺ: 
 

 —ὺ ὸ       (6.11) 

 
Consequently, if Equation 6.11 is integrated again with respects to ὸ, we will obtain our expression 
for ί and each term will be considered separate. 

First term yields: 
 
 

 ᷿ ὨὸὺὯ ÌÎ ὺὸ Ὧ ὺὯÌÎρ  

 
 
The second term yields: 
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 ᷿ ὸὨὸ᷿ ὺὯ Ὣ ρ Ὠὸ 

 

 ὺὯ Ὣ ὸ ÌÎ ὺὸ Ὧ  

 

 ὺὯ Ὣὸ ὺὯ ὫÌÎρ  

 
 
And finally the third term yields: 
 
 

 ᷿ Ὠὸ ᷿ ὸ ρ Ὠὸ 

 

 ÌÎ ὺὸ Ὧ  

 

 ÌÎρ  

 
 
Now combining the three terms from Equation 6.10 we acquire an expression for ί being: 

 

 ί Ὧ— ὺὯ Ὣ ÌÎρ ὸ ὸ     (6.12) 

  
 
Again assuming a small trajectory angle such that ὧέί—ρ, the horizontal range at any point at 
time ὸ, is given by the following equation: 
 

 ί ᷿ὺὨὸ᷿ Ὠὸ ὯÌÎ ὺὸ Ὧ ὯÌÎ ρ    (6.13) 

 
Looking at the equation we can notice the ώ coordinate is only actually dependent on the amount of 
lift caused by top or back spin (White, 2011) 
 

Worked Example 6.1  

 
A golf ball is driven at a launch angle of 10Ј to the horizontal plane with launch velocity of χπάί . 
Calculate the horizontal and vertical positions 2 seconds into the flight and 4 seconds into the flight, 
taking Tait variables, Ὧ ρυπ and ὯҐлΦмуΦ Iƻǿ Řƻ ǘƘŜǎŜ ǾŀƭǳŜǎ ŎƻƳǇŀǊŜ ǿƛǘƘ ǘƘŜ ΨŘǊŀƎ ƭŜǎǎΩ ŀƴŘ 
ΨǎǇƛƴ ƭŜǎǎΩ ŎŀǎŜΚ (White, 2011). 
 
For 2 seconds: 
 

 ί ὯÌÎρ ρυπ ὼÌÎρ
  

ωψȢψωά 

 
Using equation 6.12: 
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 ί Ὧ— ὺὯ Ὣ ÌÎρ ὸ ὸ  

 

 ρυπ ὼπȢρχυ χπ ὼ πȢρψ ωȢψρ
 Ȣ

  
ÌÎρ

  
 

 

 
    Ȣ Ȣ

  
ὼ ς

Ȣ
ὼ ς 

 
 ωȢρυυπȢφφσσȢπ ωȢψρ ρχȢρυά 
 
For 4 seconds: 
 

 ί ὯÌÎρ ρυπ ὼÌÎρ
  

ρυψά 

 

 ί Ὧ— ὺὯ Ὣ ÌÎρ ὸ ὸ 

 
  

 ρυπ ὼπȢρχυ χπ ὼ πȢρψ ωȢψρ
 Ȣ

  
ÌÎρ

  
 

 

 
    Ȣ Ȣ

  
ὼ τ

Ȣ
ὼ τ 

 
 ωȢρυυρȢπυφφȢπ σωȢςτ ρχȢπψά 
 
Looking at the results we can conclude that the heights are not that different at 2 seconds and 4 
seconds. Also it is obvious that a drag force is in effect as there was not, the range at 4 seconds 
would be double that at 2 seconds.  
For the drag less and lift less cases: 
 
For ὸ ς using Equation 3.3: 
 
 ί ὺὸὧέί— χπ ὼ ς ὧέίρπЈ ρσχȢψψά 
 
From Equation 3.4: 
 

 ί ὺὸίὭὲ— ὥὸ χπ ὼ ς ὼ ίὭὲρπЈ  ὼ ωȢψρ ὼ ωȢψρ ὼ ς 

 
 ςτȢσρρωȢφς 
 
 τȢχά 
 
 
For ὸ τ using the same equations: 
 
 ί ὺὸὧέί— χπ ὼ τ ὧέίρπЈ ςχυȢχυά 
  

 ί ὺὸίὭὲ— ὥὸ χπ ὼ τ ὼ ίὭὲρπЈ  ὼ ωȢψρ ὼ ωȢψρ ὼ τ 
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 τψȢφςχψȢτψ 
 
 ςωȢψφά 
 
The results shows after 40 seconds, the lossless and drag less projectile has burrowed itself nearly 
30m into the ground, when compared to the spun ball, at 4 seconds, is still hanging in the air and in 
motion around 17m above ground level. Consequently, there is a significant difference in the flight 
path of the projectile when spin is exerted upon it.  
 
Summary 
 
This chapter has looked how spin can affect the flight of a projectile and also the creation of the 
Magnus effect and how it works is explained. We have now gone though all the fundamental physics 
needed to model a flight path of a tennis ball and the following chapters will now concentrate more 
on tennis and how it is played.  

 
Chapter 7 ɀ Tennis and its beginnings  

7.1 ɀ Introduction  
 
No one is really quite sure exactly when and where tennis was originated, however most historian 
believe 11th or 12th century monks were the people responsible for its creation. Having no rackets, 
the monks would strike the ball with the palm of their hands and in doing so shout Tenez!, meaning 
Ψǘƻ ǘŀƪŜΩΦ ¢Ƙǳǎ the name tennis was given to the game.  
 The game tennis quickly began to gain popularity as rich aristocrats learned the game from 
the French monks, so the nobles modified their courtyards into indoor courts. It was very popular in 
France and England and only played indoors where the ball could be hit off walls. This type of tennis 
was known as real tennis and Henry VIII of England was a big fan of the game. In fact the game was 
so popular that the Pope tried, and failed to have it banned (History of tennis, 2010). Real tennis 
compared to the modern day tennis ǿŜ ƪƴƻǿ ǘƻŘŀȅ Ƙŀǎ ŀ ƘǳƎŜ ŘƛŦŦŜǊŜƴŎŜΦ Lƴ ΨǊŜŀƭ ǘŜƴƴƛǎΩ ǘƘŜ ōŀƭƭ ƛǎ 
hit around a series of walls with rooved galleries. Players won points by hitting the ball into netted 
windows beneath the rooves. The court itself is marked with scoring lines and the net is five feet 
high at each end, though it droops to three feet in the middle. During the 18th and 19th century 
however, real tennis began to lose popularity as new racket sports emerged in England and new 
rackets were made.  
 Charles Goodyear invented a new process for rubber called vulcanisation, which among 
other effects made the material more bouncy (History of tennis, 2010). This meant tennis balls were 
now a lot more exuberant, and therefore has a higher coefficient of restitution and consequently, 
could be used outdoors on grass which called for an entirely new set of rules to be made. In 
December 1873 Major Clapton Wingfield designed patented a version of the game. After the very  
First Championships, ǿƘƛŎƘ ǿŜǊŜ ƘŜƭŘ ƛƴ [ƻƴŘƻƴ ƛƴ мфтт ŎŀƭƭŜŘ Ψ²ƛƳōƭŜŘƻƴ ŎƘŀƳǇƛƻƴǎƘƛǇǎΩΣ ǘƘŜ 
oldest tennis tournament, there was considerable debate on how to standardise the rules which he 
named sphairistike όŀƴŎƛŜƴǘ DǊŜŜƪ ƳŜŀƴƛƴƎ Ψǎƪƛƭƭ ŀǘ ǇƭŀȅƛƴƎ ōŀƭƭΩύΦ IƻǿŜǾŜǊ ²ƛƴƎŦƛŜƭŘΩs version of the 
rules was met with much criticism and therefore altered. Many believe Wingfield deserves much 
credit for the development of modern tennis and its rules.  
 A young Socialite named Mary Ewing Outerbridge returned from Bermuda in 1874 in 
America where she had met Major Wingfield. She laid out a tennis court at the Staton Island Cricket 
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Club in New Brighton Island New York, and thus the first American National tournament was played 
there in 1880. However there was still some animosity with the rules as each tennis club were 
implementing different rules and the tennis balls in Boston were larger than the ones used in New 
York (Tennis, 2005). As a result the United States National Lawn Tennis Association (now United 
States Tennis Association) was formed to standardize the rules and organize various different tennis 
ǘƻǳǊƴŀƳŜƴǘǎΦ /ƻƴǎŜǉǳŜƴǘƭȅΣ ƛƴ муум ǘƘŜ ŦƛǊǎǘ ¦Φ{ bŀǘƛƻƴŀƭ aŜƴΩǎ {ƛƴƎƭŜ /ƘŀƳǇƛƻƴships, knows now 
as the US Open, were held at Newport, Rhode Island. As Tennis was also popular in France, England 
and even by then Australia, where the French Open dates back to 1891, the Australian Open dating 
back to 1905, and Wimbledon the oldest dating all the way back to 1877. Together these four events 
are now referred to as the Grand Slams or Majors and are held once a year in the corresponding 
countries, compiling of 4 Grand Slams or Majors a year. These 4 Majors in tennis are considered the 
most important and prestigious tournaments in the calendar as they are the biggest and give the 
most points to ranking. It is also very difficult to win a Grand Slam since one must win 7 straight 
matches and if you lose, you are out off the competition.  
 The intervention of the All England Club was significant to the development of the game. 
¢ƘŜȅ ŘŜŎƛŘŜŘ ǘƻ ŘƛǘŎƘ ²ƛƴƎŦƛŜƭŘΩǎ ƻŘŘ ǎƘŀǇŜ ŎƻǳǊǘ ŀƴŘ ŎƘƻǎŜ ŀ ǊŜŎǘŀƴƎǳƭŀǊ ǎƘŀǇŜ ƛƴǎǘŜŀŘΣ ǎƛƳƛƭŀǊ ǘƻ 
croquet which was very popular at the time. By 1882, the All England Club had made various other 
ŎƘŀƴƎŜǎ ǘƻ ²ƛƴƎŦƛŜƭŘΩǎ ƻǊƛƎƛƴŀƭ ƎŀƳŜ ōȅΥ 
 
 
 

¶ Lowering the net 

¶ Allowing over-arm serving 

¶ Reducing the size of the service box 

¶ LƴǘǊƻŘǳŎƛƴƎ ǘƘŜ ΨƭŜǘΩ ǊǳƭŜ 
 

The rules have remained virtually the same with just one major change being the introduction of the 
tie break rule in 1971 by James Van Alen (Tennis, 2005). 
 
 
 
 

 
 
Figure 7.2 shows the Australian open 2012 semi-final being played by Roger Federer and Rafael Nadal (hard court)        
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Figure 7.3 shows the French Open 2011 Final being played by Roger Federer and Rafael Nadal (clay court) 

 
 
 
 
 
 

 
Figure 7.4 shows Wimbledon 2011 quarter-final being played by Roger Federer and Jo-Wilfred Tsonga (grass court) 
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Figure 7.5 shows the US Open being played by Roger Federer and Novak Djokovic (hard court) 

 

 

 

 

 

 

 

7.1.1 - Court size 
 
Through the years since tennis was first played, there has been many different types of court used. 
Giving credit to the All England Club, modern day tennis is now played on a rectangular flat surface, 
which usually is grass, clay, a hard court of concrete or asphalt and occasionally carpet for indoor 
courts. All these different types of surfaces will have a different affect on the tennis ball, some are 
quicker than others, and some make the ball bounce a lot higher. The 4 Grand Slams are played on 
different types of surfaces. The Australian Open held in January at the start of the year, is played on 
a hard plexicushion surface, the French Open held around May-June, is played on a clay surface, 
Wimbledon which is held in the summer, June-July is played on Grass and is considered the quickest 
surface, and the finally the US Open held around August-September is played on hard Deco Turf 
(Tennis, 2006).        
  The court itself is 78 feet(23.77m) long, and 27 feet(8.23m) wide for singles matches and 36 
feet(10.97m) wide for doubles matches. Also in order to for tennis players to retrieve over run and 
wide balls, additional space is required around the court (Tennis, 2006). A net is stretched across 
almost the full width of the court just short of the doubles line parallel with the baseline, dividing the 
court into two equal sides. The net itself is not all one level across, at the two ends the net is at its 
highest being 3 feet 6 inches (1.07m) high and exactly 3 feet (91.4cm) high in the centre. So the net 
droops in the middle similar to that used in real tennis.  
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      Baseline 
 
                                                                                                    Singles line 
 
  Doubles line  
 
  Service line 
 
 Centre service line 
  
 Service boxes 
  
 Harsh mark/Centre mark 
 
  
                                                                                                     

 

 

 

 

    Figure 7.6 shows the measurements of a tennis court 

 

 

 

 

 

 

7.1.2 ɀ Tennis balls  
 
Modern day tennis balls must comply with the ITF regulations covering size, bounce, deformation 
ŀƴŘ ŎƻƭƻǳǊΦ ¢ƘŜ ōŀƭƭΩǎ ŘȅƴŀƳƛŎ ǇŜǊŦƻǊƳŀƴŎŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ŀǊŜ ōŀǎŜŘ ƻƴ ŀ ƴǳƳōŜǊ ƻǊ properties. 
There are three types of tennis balls. Type 1 being fast speed, which are used on slow paced court 
surfaces such as clay courts. Type 2 balls being medium speed, which are used on hard court 
surfaces, and type 3 balls being slow speed, which are used for fast court surfaces such as grass (ITF, 
2006). 
 The balls themselves can have different diameters. They can either be the traditional 
diameter of 6.63cm for type 1 and type 2 balls, or a slightly larger diameter of 6.76 for type 1 and 
type 2 balls.  Table 7.1 shows the specifications the ball should conform by. 
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 Table 7.1 ς Regulation of ball specifications (ITF, 2006) 

7.1.3 ς Dynamic properties of tennis 
 
Figure 7.7 (a, b) Coordinate axes for racket/ball impact 

 

We shall first begin by calculating the impulse during impact into the normal and tangential 
components with reference to Figure 7.7. The equations for change in angular and liner momentum 
for both racket and ball are given by: 
 
For Ball        For racket  
 
 άὺ ό ὴ     ὓὠ Ὗ ὖ    (7.1) 
 
 άὺ ό ὴ     ὓὠ Ὗ ὖ    (7.2) 
 
 Ὅ Џ ὶὴ     Ὅ Џ π  (7.3) 
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where ά is the mass of the tennis ball, ὴis the change in momentum in a direction normal to the 
racket surface, ὺ is the speed of the racket normal to the racket surface after impact, ό  is the 
speed of racket normal to the racket before impact, ὶ is the radius of the ball, Ὅ is the moment to 
inertia of the ball, Ὅᴂ is the moment of inertia of the racket ὓ is the mass of the racket ŀƴŘ ʍ ƛǎ ǘƘŜ 

angular velocity of the ball before impact. Using table 2.6 we know Ὅ .   

 The relative sliding velocity, Ὓ, at the moment of impact may be characterised as a 
difference in the tangential racket and ball velocities, with it  any sliding which me be caused by spin 
which will occur on impact (White, 2011): 
 

 
 
Figure 7.8 ς International Tennis 
Federation (ITF) Surface Pace Rating (SPR) 
values (White, 2011) 

 

 

 

 

 






























