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TOPIC 5 Energy and Work 1

TOPIC 5  
Energy and work

5.1 Overview
5.1.1 Module 2: Dynamics
Forces, acceleration and energy
Inquiry question: How can the motion of objects be explained and analysed?

Students:
 • apply the special case of conservation of mechanical energy to the quantitative analysis of motion 

involving:
 – work done and change in the kinetic energy of an object undergoing accelerated rectilinear motion 
in one dimension (W =  Fnet 

s)
 – changes in gravitational potential energy of an object in a uniform field (ΔU =  mgΔh).

 • conduct investigations over a range of mechanical processes to analyse qualitatively and quantita-

tively the concept of average power (P =  ΔE
t

,  P =  Fv), including but not limited to:

 – uniformly accelerated rectilinear motion
 – objects raised against the force of gravity
 – work done against air resistance, rolling resistance and friction.

FIGURE 5.1 Jumping up and down on a trampoline involves the transformation of one energy form into 
another. Kinetic energy, gravitational potential energy, elastic potential energy, chemical potential energy 
and heat are all involved.
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2 Jacaranda Physics 11

5.2 Describing work
5.2.1 The concept of energy
The word energy is often used to describe the way that you feel. For example, you might say ‘I don’t 
have a lot of energy today’ or on a better day you might say ‘I have enough energy to run a marathon’. 
The word ‘energy’ is also used to describe something that food has. In each of these cases, the word 
‘energy’ is being used to describe something that provides you with the capacity to make something 
move. It could be a heavy object, a bicycle or even your own body. Most dictionaries and some physics 
textbooks define energy as the capacity to do work. Work is done when an object moves in the direc-
tion of a force applied to it.

The following list of some of the characteristics of energy provides some further clues as to what it 
really is.
 • All matter possesses energy.
 • Energy is a scalar quantity — it does not have a direction.
 • Energy takes many different forms. It can therefore be classified. Light energy, sound energy, thermal 

energy, kinetic energy, gravitational potential energy, chemical energy and nuclear energy are some 
of the different forms of energy.

 • Energy can be stored, transferred to other matter or transformed from one form into another. For 
example, when you hit a cricket ball with a bat, energy is transferred from the bat to the ball. When 
you dive into a swimming pool, gravitational potential (stored) energy is transformed into kinetic 
energy.

 • Some energy transfers and transformations can be seen, heard, felt, smelt or even tasted.
 • It is possible to measure the quantity of energy transferred or transformed.
 • Energy cannot be created or destroyed. This statement is known as the Law of Conservation of 

Energy. The quantity of energy in the universe is a constant. However, nobody knows how much 
energy there is in the universe.

Transferring energy
Energy can be transferred to or from matter in several different ways. 
Energy can be transferred by:
 • emission or absorption of electromagnetic or nuclear radiation
 • heating and cooling an object or substance as a result of a temperature difference
 • the action of a force on an object resulting in movement.

The transfer of energy by the action of a force is called mechanical energy transfer.

5.2.2 Getting down to work
When mechanical energy is transferred to or from an object, the amount of mechanical energy trans-
ferred is called work.

The work, W, done when a force, F, causes a displacement of magnitude s, in the direction of the 
force, is defined as:

work = magnitude of the force × displacement in the direction of the force
    W = Fs.

Work is a scalar quantity. The SI unit of work is the joule. One joule of work is done when a force 
with a magnitude of one newton causes a displacement of one metre in the same direction as the 
force. That is, 1 J =  1 N × 1 m =  1 N m. Because energy is a measure of the capacity to do work, the  
SI unit of energy is also the joule.
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5.2.3 Making an effort
No work is done on a wall when a force is exerted on it (such as, 
for example, pushing against a solid wall that doesn’t move). How-
ever, If the same force were exerted to push a shopping trolley 
across a floor, work is done on the trolley because the force F is 
applied to give the trolley a displacement s that is in the same 
direction as the force.

But what if you were to lift a box and then carry it across the 
room?

In lifting the box, you are exerting a force upwards and, in 
moving it upwards, you have given the box a displacement that is 
in the same direction as the force — thus work has been done on 
the box against gravity. However, when you walk across the floor, 
you continue to apply the same upwards force to the box to hold it 
up, but you are now displacing the box in a direction that is at right 
angles to the force. As a result, no work is done on the box while it 
is being carried across the floor.

s = 0

F

FIGURE 5.2 The work done 
pushing against a wall is zero.

S

F

FIGURE 5.3 Work is done in applying a force to move a trolley 
across a floor.
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When you put the box down on the ground again, the displacement will be in the opposite direction to 
the force you are applying on the box; as a result, you do negative work on the box against gravity:
W =  F(−s)

5.2.4 Effort at an angle
Now consider a box being dragged across a smooth floor by means of a rope that makes an angle θ  
with the floor, as shown in figure 5.5.

In this case, only the component of the force that is acting in the same direction as the box’s  
displacement, F cos θ , will contribute to the work being done.

F

s

s

F(a) (b)

FIGURE 5.4 Work is done in (a) but not in (b).

θ

F

s

F cosθ

FIGURE 5.5 Dragging a box across the floor by 
means of a rope at angle θ .

5.2 SAMPLE PROBLEM 1

How much work is done in pushing a 5 kg box across a smooth flat surface for 4 metres by 
applying a horizontal force of 10 N?

SOLUTION:

W = Fs
= 10 N × 4 m
= 40 N m
= 40 J

Note that, although work is the product of two vectors, it is a scalar quantity and so has no 
direction associated with it.
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5.2 SAMPLE PROBLEM 2

A sled is dragged 100 m across ice by means of a tow rope that makes an angle of 30° to the  
horizontal. If a force of 70 N is applied to pull the sled, how much work is done?

SOLUTION:

First, the component of force acting in the direction of the displacement is found:

FII = F cos θ  =  70 cos 30°  =   60.6 N
W = FII 

s =  60.6 N × 100 m
= 6060 N m
= 6060 J

 

70 N

100 m

30º

FIGURE 5.6

5.2 SAMPLE PROBLEM 3

A 10 kg box is pushed for 5 metres at constant speed over a timber floor that has a frictional  
coefficient of 0.4.
(a) What work is done on the box by pushing it?
(b) What work is done on the box by the frictional force?

SOLUTION:

(a) Because the box is travelling at constant speed, the magnitude of the force applied to the 
box to push it must be equal to the magnitude of the frictional force opposing the motion.
Ff = μFN =  μWeight
 = μ m g

= 0.4 × 10 kg × 9.8 ms−2

 = 39.2 N, west

As FA =  −Ff , 

FA =  39.2 N, east

 As FA is directed in the same direction 
as the displacement s,

W = FA s
= 39.2 N × 5 m
= 196 N m
= 196 J

(b) The frictional force Ff  acts in the opposite direction to the displacement s, and so the work 
done on the box by the frictional force equals −196 J.

FN

FAFf

Weight

s = 5 m

FIGURE 5.7

WORKING SCIENTIFICALLY 5.1
Design and perform an investigation to determine the relationship between the radius of the wheels on a 
cart and the force needed to move the cart a fixed distance.
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5.3 Kinetic energy
5.3.1 The energy of movement
Kinetic energy is the energy associated with the movement of an object. By imagining how much 
energy it would take to make a stationary object move, we can deduce that kinetic energy depends on 
the mass and speed of the object.

The change in kinetic energy of an object is equal to the work done on it by the net force acting on 
it. If an object initially at rest is acted on by a net force of magnitude Fnet and moves a distance s 
(which will necessarily be in the direction of the net force), its change in kinetic energy, ΔEk, can be 
expressed as:

ΔEk =  
Fnet s

The quantity of kinetic energy it possesses is:
Ek = Fnet s

because the initial kinetic energy was zero.
Applying Newton’s Second Law (Fnet = ma) to this expression:

Ek = mas

where
m is the mass of the object and a is its acceleration.

The movement of the object can also be described in terms of its final velocity u and its initial 
velocity v. The magnitudes of the quantities a,  s,  v and u are related to each other by the equations:

a =  
v − u

t

and s =  r =  1
2

(u + v)t

Substituting into the expression for kinetic energy:

Ek = mas

= m × (v − u)
t

× 1
2

(u + v)t

= 1
2

× m × (v2 − u2)

= 1
2

mv2 − 1
2

mu2 

Because the object was originally at rest, u = 0.

5.2 Exercise 1
 1  How much work is done on a 20 kg box in the following cases if it is:

(a) pushed 5 m across a smooth floor with a force of 300 N?
(b) lifted to a height of 2 m and then carried for 10 m?
(c) pushed for 20 m around the room until it returns to its starting point? (Assume a smooth floor.)

 2 (a)   How much work is done by a 30 kg child who climbs to the top of a 3.2 m slippery slide?
(b) How much work is done by the child in sliding back to the bottom?

 3 A warehouse worker pushes a heavy crate a distance of 2.0 m across a horizontal concrete floor against 
a constant friction force of 240 N. He applies a horizontal force of 300 N on the crate. How much work is 
done on the crate by:
(c) the warehouse worker
(d) the net force?
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The kinetic energy of an object of mass m and velocity v can therefore be expressed as:

Ek =  1
2

 mv2

5.3 SAMPLE PROBLEM 1

DOING WORK TO CHANGE KINETIC ENERGY

A trailer is being pulled along a straight, rough, horizontal road by a car. The trailer and the car 
travel at a constant speed of 50 km h−1. The forward force applied to the trailer by the car is 
4000 N. Frictional forces oppose this force.
(a) In moving a horizontal distance of 500 metres, how much work is done on the trailer by:

(i) the car?
(ii) the net force?
(iii) the force of gravity?

(b) If the force applied to the trailer by the car is increased to 5000  N and nothing else changes, 
how much kinetic energy is gained by the trailer over the distance of 500 metres?

SOLUTION:

(a) (i) W = F s
= 4000 × 500
= 4 × 103 × 5 × 102

= 2.0 × 106 J
The work done on the trailer by the car is 2.0 × 106 J.

(ii) The work done on the trailer by the net force is equal to the change in kinetic energy of 
the trailer. The trailer is travelling at constant speed, so there is no change in kinetic 
energy.
No work is done by the net force.

(iii)     The work done on the trailer by the force of gravity is zero because the force of gravity 
has no component in the direction of motion.

(b) When the towing force was 4000  N, the net force was zero. The towing force balanced 
frictional forces. When the towing force is increased to 5000  N, the net force becomes 
1000  N in the direction of motion of the trailer.

ΔEk = F net 
s

= 1000 × 500
= 500 000 J

The kinetic energy gained is 5.0 × 105 J.

5.3 SAMPLE PROBLEM 2

KINETIC ENERGY CALCULATIONS

Compare the kinetic energy of a 100 m Olympic track athlete with that of a family car travelling 
through the suburbs.

Estimate the mass of the athlete to be 70 kg and the velocity of the athlete to be 10 m s−1.
Estimate the total mass of the car and its passengers to be 1500 kg and the velocity of the car to 

be about 60 km h− 1 (17 m s− 1).
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PHYSICS FACT
The truth of the advertising slogan ‘Speed kills’ can be appreciated by comparing the kinetic energy of a 
1500 kg car travelling at 60 km h−1 (16.7 m s−1) with the same car travelling at 120 km h−1 (33.3 m s−1).

At 60 km h−1 its kinetic energy is: 

Ek = 1
2

 mv2

= 1
2

× 1500 × (16.7)2

= 2.09 × 105 J.
At 120 km h− 1 its kinetic energy is:

Ek = 1
2

 mv2

= 1
2

× 1500 × (33.3)2

= 8.32 × 105 J.

A doubling of velocity produces a fourfold increase in the kinetic energy and, therefore, a fourfold 
increase in the work that needs to be done on the car to stop it during a crash. It also means that four times 
as much energy has to be transformed into the energy of deformation, heat and sound or transferred to 
other objects.

WORKING SCIENTIFICALLY 5.2
When you rub your hands together, the movement of the friction ridges on your hands across one another 
causes some of the kinetic energy to be converted into heat. Devise a method allowing you to measure the 
increase in temperature of your hands. Then, use this method in an experiment to investigate one of the 
following:

• the relationship between hand surface area and heat increase
• the mathematical relationship between the relative speed of the hands and the increase in hand 

surface temperature.

SOLUTION:

For the athlete: m =  70 kg,  v =  10 m s−1

Ek = 1
2

 mv2

= 1
2

× 70 × (10)2

= 3.5 × 102 J

For the car: m =  1500 kg,  v =  17 m s−1

Ek = 1
2

 mv2

= 1
2

× 1500 × (17)2

= 2.2 × 105 J

The value of the ratio 
Ek(car)

Ek(athlete)
 =  

2.2 × 105

3.5 × 103
 =  63.

The car has about 60 times as much kinetic energy as the athlete.
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5.4 Potential energy
5.4.1 Stored energy
Energy that is stored is called potential energy. Objects that have potential energy have the capacity to 
apply forces and do work. Potential energy takes many forms.
 • The food that you eat contains potential energy. Under certain conditions, the energy stored in food 

can be transformed into other forms of energy. Your body is able to transform the potential energy in 
food into internal energy so that you can maintain a constant body temperature. Your body trans-
forms some of the food’s potential energy into the kinetic energy of blood, muscles and bones so that 
you can stay alive and move. Some of it is transformed into electrochemical energy to operate your 
nervous system.

 • Batteries contain potential energy. In the next chapter, you will see how the energy stored by ‘sepa-
rating’ charges that are attracted to each other can be transformed into other forms of energy by com-
pleting a circuit.

 • An object that is in a position from which it could potentially fall has gravitational potential 
energy. The gravitational potential energy of an object is ‘hidden’ until the object is allowed to 
fall. Gravitational potential energy exists because of the gravitational attraction of masses towards 
each other. All objects with mass near the Earth’s surface are attracted towards the centre of the 
Earth. The further away from the Earth’s surface an object is, the more gravitational potential 
energy it has.

 • Energy can be stored in objects by compressing them, stretching them, bending them or twisting 
them. If the change in shape can be reversed, energy stored in this way is called strain potential 
energy. Strain potential energy can be transformed into other forms of energy by allowing the object 
to reverse its change in shape.

5.4.2 Gravitational potential energy
When an object is in free fall, work is done on it by the force of gravity, transforming gravitational 
potential energy into kinetic energy. When you lift an object, you do work on it by applying an upwards 
force on it greater than or equal to its weight. Although the gravitational field strength, g, decreases 
with distance from the Earth’s surface, it can be assumed to be constant near the surface. The increase 
in gravitational potential energy ΔUg by an object of mass m lifted through a height Δh can be found 
by determining how much work is done on it by the force (or forces) opposing the force of gravity.

          W = Fs
= mgΔh (substituting F = mg  and  s = Δh)

⇒ ΔUg = mgΔh

5.3 Exercise 1
 1 (a)   Calculate the kinetic energy of a 2000  kg elephant charging at a speed of 8.0 m s−1.

(b) Estimate the kinetic energy of:
(i) a cyclist riding to work
(ii) a small crawling across a footpath.

 2 A gardener pushes a loaded wheelbarrow with a mass of 60  kg a distance of 4.0  m along a straight 
horizontal path against a constant friction force of 120  N. He applies a horizontal force of 150  N on the 
wheelbarrow. If the wheelbarrow is initially at rest, what is its final speed?
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This formula only provides a way of calculating changes in gravitational potential energy. If the gravi-
tational potential energy of an object is defined to be zero at a reference height, a formula for the quantity 
of gravitational potential energy can be found for an object at height h above the reference height.

      ΔUg = mgΔh
⇒ Ug − 0 = mg(h − 0)
⇒ Ug = mgh

Usually the reference height is ground or floor level. Sometimes it might be more convenient to 
choose another reference height. However, it is the change in gravitational potential energy that is most 
important in investigating energy transformations. The figure below shows that the gain in gravitational 
potential energy as a raw egg is lifted from the surface of a table is mgd. When the raw egg is dropped 
to the table, the result will be the same whether you use the height of the table or ground level as your 
reference height. The gravitational potential energy gained will be transformed into kinetic energy as 
work is done on the egg by the force of gravity.

ΔUg = mgΔh
= mg(he − 0)
= mgd

 
ΔUg = mgΔh

= mg(H − ht)
= mgd

h = he h = H

h = hth = 0 

h = 0

dd

FIGURE 5.8 The choice of reference height does not have any effect on the 
change in gravitational potential energy.

AS A MATTER OF FACT
High jumpers use a technique called the Fosbury 
Flop which allows them to clear the bar while 
keeping their centre of mass as low as possible. The 
gravitational potential energy needed to clear the bar 
is minimised. Thus, with their maximum kinetic 
energy at take-off, high jumpers can clear those extra 
few centimetres.

Incidentally, you might like to estimate just how 
much energy is needed to clear the bar in the high 
jump. Start by working out the change in height of 
an athlete’s centre of mass during a jump of about 
2.0 m.

FIGURE 5.9 The Fosbury Flop can place a 
high jumper’s centre of mass below the bar 
during the jump.
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5.5 Conservation of energy
5.5.1 Energy and efficiency
Along with kinetic energy, gravitational potential energy and strain potential energy are referred to as 
forms of mechanical energy. Transformation to or from each of these forms of energy requires the 
action of a force. A single bounce of a tennis ball onto a hard surface involves the following mechanical 
energy transformations.

5.4 SAMPLE PROBLEM 1

A 30 kg child sits at the top of a smooth slide. The vertical distance of the slide is 3 metres.  
Calculate
(a) the child’s gravitational 

potential energy at the top of 
the slide

(b) the child’s velocity when he 
is 1 metre above the ground

SOLUTION:

(a) Ug = mgh
= 30 kg × 9.8 m s−2 × 3 m
= 882 J

(b) By the Law of Conservation 
of Energy, the child’s total 
energy will always be the 
sum of his gravitational 
potential energy and his 
kinetic energy, so any loss in 
gravitational potential energy 
will be equal to his gain in 
kinetic energy:

−ΔUg = ΔEk

−mgΔh = 1
2

 mv2

−30 kg × 9.8 m s−2 × (1m – 3m) =  1
2

× 30 kg × v2

588 J =  15 v2

v =  6.3−1

3.0 m

FIGURE 5.10

5.4 Exercise 1
 1  A ski-lift carries a 60 kg skier to the top of a ski run that is 40 metres above the bottom of the ski run.

(a) What is her gravitational potential energy relative to the bottom of the ski run?
(b) What would be the skier’s speed at the bottom of the ski run if she does not control her progress 

(sensible skiers do!) and if friction and air resistance are ignored?
 2 A 1.5 kg model rocket is fired directly up into the air at a speed of 40 m s−1.

(a) What height will the rocket reach?
(b) What will be the rocket’s gravitational potential energy at the top of its flight path?

 3 A 100 g weight is attached to the end of a 60 cm long wire and raised until the wire makes an angle of 
45° to the vertical. What will be the speed of the weight at the bottom of its swing?

(a) 
Ug = mgh

= 30 kg × 9.8 m s−2 × 3 m
= 882 J
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 • As the ball falls, the force of gravity does work on the ball, transforming gravitational potential 
energy into kinetic energy.

 • As soon as the bottom of the tennis ball touches the ground, the upward push of the ground does 
work on the tennis ball, transforming kinetic energy into strain potential energy. A small amount of 
gravitational potential energy is also transformed into strain potential energy. This continues until the 
kinetic energy of the ball is zero.

 • As the ball begins to rise and remains in contact with the ground, the upward push of the ground 
does work on the tennis ball, transforming strain potential energy into kinetic energy and a small 
amount of gravitational potential energy until the ball loses contact with the ground.

 • As the ball gains height, the force of gravity does work on the ball, transforming kinetic energy into 
gravitational potential energy.
Of course, if mechanical energy were conserved, the ball would return to the same height from 

which it was dropped. In fact, mechanical energy is not conserved. During each of the mechanical 
transformations that occur during the bounce, some of the mechanical energy of the ball is transformed. 
Some of the ball’s mechanical energy is transformed to thermal energy of the air, ground and ball, 
resulting in a small temperature increase. Some mechanical energy can be lost as sound, while perma-
nent deformation through the breaking bonds between atoms can also lead to a loss of such energy.

Mechanical energy losses to thermal energy, sound etc. are largely permanent. It is very difficult to 
convert this lost energy back into mechanical energy and so it is not considered useful. The  
efficiency, η, of an energy transfer is calculated from the ratio:

η =  
useful energy out

total energy in

where η is the Greek letter eta.

5.5 SAMPLE PROBLEM 1

A ball dropped from 1.50 m rebounds to 1.20 m. What is the efficiency?

SOLUTION:

η =  
useful energy out

total energy in
The ‘total energy in’ is the gravitational potential energy of the ball at rest at a height of 1.50 m.

Egp = mgh1
= mg × 1.50 m

The ‘useful energy out’ is the gravitational potential of the ball at its rebound height of 1.20 m.

Egp = mgh2
= mg × 1.20 m

    η = 1.2mg

1.5mg
= 80%

WORKING SCIENTIFICALLY 5.3
When a ball is dropped from a height, it bounces a number of times, with each bounce reaching a lower 
peak height than the one before it. By measuring the heights of at least five bounces for a tennis ball, derive 
a mathematical model that would allow you to predict the bounce height of the ball based on the bounce 
number. Use the model to determine the number of bounces after which the ball has effectively stopped 
bouncing (the ‘bounce extinction point’).
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5.5.2 Conservation of total mechanical energy
While it is not possible to completely remove these mechanical energy losses, it is possible to take 
these mechanical energy losses into account when considering the total energy of a system.

5.5 SAMPLE PROBLEM 2

A 40 kg child sits at the top of a 2.6 m high slide that is inclined at an angle of 30° to the 
horizontal, as shown in figure 5.11. If a frictional force of 28 N acts on the child as she comes 
down the slide, what will be her velocity at the bottom?

SOLUTION:

We can see that there are three 
things to be considered in this 
system: gravitational potential 
energy (Up), kinetic energy (Ek) 
and the work done on the child by 
friction (Wf).
As the total energy in the system is 
conserved, it can be seen that:
0 = ΔUg + ΔEk + Wf

0 = mg(hf − hi) + 1
2

m(v2 − u2) + Ff 
s

The displacement over which the 
frictional force acts will be equal to 
the length of the slide and so:

s =  2.6 m
cos 30°

 =  3.0 m

Substituting values into the conservation equation above:

 0 = 40 × 9.8 × (0 − 2.6) + 1
2

 40 × (v2 − 02) + (28)(3.0)

 0 = −1019.2 + 20 v2 + 84.0
v2 = 46.76
 v = 6.8 m s−1

30º

2.6 m

FIGURE 5.11

5.5 Exercise 1
 1 A 100 g ball thrown vertically into the air with a speed of 8 m s−1 rises to a height of 2.8 m before 

returning to the thrower.
(a) What is the magnitude of air resistance acting on the ball on its way up?
(b) What will be the speed of the ball when it returns to the thrower?

 2 A 40 kg child slides down a slippery slide that is 2.5 m high and makes an angle of 37° with the ground. 
If the slide provides friction equal to 12 N, what will be the child’s speed:
(a) at the bottom of the slide?
(b) halfway down the slide?

  3 When Susan is at the top of her path when on a swing, she is 2.5 m above the ground. If Susan has a
mass of 60 kg and we ignore the effects of friction, calculate:
(a) her Ek at the top of the path
(b) her speed at the bottom
(c) her Ug when she is 1.5 m above the ground
(d) her speed when she is 1 m above the ground.
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5.6 Work and power
5.6.1 Defining power
Power is the rate at which energy is transferred or transformed. In the case of conversions to or from 
mechanical energy or between different forms of mechanical energy, power, P, can be defined as the 
rate at which work is done.

P =  
W
Δt

where
W =  the work done
Δt =  the time interval during which the work is done.

The SI unit of power is the watt (W), which is defined as 1 J s−1.
The power delivered when a force, F, is applied to an object can also be expressed in terms of the 

object’s velocity v.

P =  
W
Δt

 =  F s
Δt

   =  F × s
Δt

  and  since  speed  v equals distance over time, 

   =  Fv

 Explore more with this weblink: Video analysis app

 RESOURCES

5.6 SAMPLE PROBLEM 1

A student of mass 40 kg walks briskly up a flight of stairs to climb four floors of a building, a 
vertical distance of 12 m in a time interval of 40 s.
(a) At what rate is the student doing work against the force of gravity?
(b) If energy is transformed by the leg muscles of the student at the rate of 30 kJ every minute, 

what is the student’s power output?

SOLUTION:

(a) The work done by the student against the force of gravity is equal to the gain in gravitational 
potential energy.
W =  mgΔh
The rate at which the work is done, or power (P), is:

WORKING SCIENTIFICALLY 5.4
Many people jump on small trampolines as a method of burning off chemical potential energy. How 
effective would swinging on a playground swing be as a form of physical exercise? Design an investigation 
that would allow you to estimate the amount of chemical potential energy that a person needs to supply (in 
effort) to keep a swing coming up to the same height for a set period of time. Carry out the investigation for 
different swing heights and determine how energy expenditure is affected by swing height.
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P = W
Δt

  =   
40 kg × 10 N kg−1 × 12 m

40 s
=  120 W

P =
energy transferred

time taken
= 30 kJ  min −1

= 30 000 J
60 s

= 500 W

AS A MATTER OF FACT
Which is easier — riding a bike or running?
A normal bicycle being ridden at a constant speed of 4.0 m s−1 on a horizontal road is subjected to a rolling 
friction force of about 7 N and air resistance of about 6 N. The forward force applied to the bicycle by the 
ground must therefore be about 13  N. The mechanical power output required to push the bicycle along at 
this velocity is:
P = F v

= 13 N × 4.0 m s−1

= 52 W.
Running at a velocity of 4.0 m s−1 requires a mechanical power output of about 300 W. Even walking at a 

speed of 2.0 m s−1 requires a mechanical power output of about 75 W.
Riding a bicycle on a horizontal surface is less tiring than walking or running for two reasons.

1 Less mechanical energy is needed. The body of the rider does not rise and fall as it does while 
walking or running, eliminating the changes in gravitational potential energy.

2 Because the rider is seated, the muscles need to transform much less chemical energy to support 
body weight. The strongest muscles in the body can be used almost exclusively to turn the pedals.

Once you start riding uphill or against the wind, the mechanical power requirement increases 
significantly. For example, in riding along an incline that rose 1 m for every 10 m of road distance covered, 
the additional power needed by a 50 kg rider travelling at 4.0 m s−1 would be:

P =
ΔUg

Δt

=
mgΔh

Δt
.

In a time interval of 1.0 s, the vertical climb is 1
10

 of 4.0 m =  0.4 m.

⇒ P =
50 kg × 10 N kg−1 × 0.4 m

1.0  s
=  200 W

5.6 Exercise 1
Consider the section of roller-coaster track illustrated here:

A

B

C

D

E
F

10 m

0 m

28 m

45 m

G

FIGURE 5.12
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5.7 Review
5.7.1 Summary
 • The Law of Conservation of Energy states that energy cannot be created or destroyed.
 • Work is done when energy is transferred to or from an object by the action of a force. The work done 

on an object by a force is the product of the magnitude of the force and the magnitude of the dis-
placement in the direction of the force.

 • All moving objects possess kinetic energy. The kinetic energy of an object can be expressed as

 Ek =  1
2

  mv2.

 • The work done on an object by the net force is equal to the object’s change in kinetic energy.
 • The change in gravitational potential energy of an object near the Earth’s surface can be expressed as 

ΔUg = mgΔh where Δh is the object’s change in height.
 • Kinetic energy and gravitational potential energy are referred to as forms of mechanical energy. During 

a mechanical interaction, it is usually reasonable to assume that total mechanical energy is conserved.

 • the efficiency of an energy transfer is calculated from the ratio:

efficiency, η =  
useful energy our

total energy in
 • Power is the rate at which energy is transferred or transformed. In mechanical interactions, power is 

also equal to the rate at which work is done.
 • The power delivered by a force is the product of the magnitude of the force and the velocity of the 

object on which the force acts.

5.7.2 Questions
1. How are mechanical energy transfers different from other types of energy transfer?
2. Distinguish between an energy transformation and an energy transfer.
3. How much work is done on a 4.0 kg brick as it is lifted through a vertical distance of 1.5 m?
4. Imagine that you are trying to single-handedly push start a 2000 kg truck with its handbrake on. 

Not surprisingly, the truck doesn’t move. How much work are you doing on the truck?
5. Estimate the kinetic energy of:

(a) a car travelling at 60 km h−1 (16.7 m s−1) on a suburban street
(b) a tennis ball as it is returned to the server in a Wimbledon final
(c) a cyclist riding to work
(d) a snail crawling across a footpath.

  1 (a)    Determine the amount of work done by the track motor in raising a 3200 kg roller-coaster from A to B.
(b) If the motor has a power of 12.4 kW, how long will it take to lift the roller-coaster to the crest?

 2 (a)    If all of the 720 J of energy stored in the hind legs of a young 50 kg kangaroo were used to jump 
vertically, how high could it jump?

(b) What is the kangaroo’s power output if the 720 J of stored energy is transformed into kinetic energy 
during a 1.2 second interval?

Complete this digital doc: Investigation 12.1: Climbing to the top
Searchlight ID: doc-16175
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6. A car of mass 1200 kg is being towed by a thick rope connected to a larger car. After stopping at 
traffic lights, the tension in the rope is a constant 4000 N for a distance of 50 metres. The fric-
tional force resisting the motion of the smaller car is 400 N.
(a) Calculate how much work is done on the smaller car by the net force.
(b) Evaluate the kinetic energy of the smaller car after the distance of 50 metres has been covered.
(c) Calculate the velocity of the smaller car at the end of the 50 metres of towing.

7. A weightlifter holds a loaded bar above his head for three seconds. Is he doing any work on the 
bar during this time? Explain.

8. If you drop a book onto the floor, it comes to rest. What has happened to the gravitational poten-
tial energy that it had before you dropped it?

9. The figure below shows a drawing by the artist M.C. Escher. Explain the essential flaw underlying 
the motion of the water in terms of energy conservation.

FIGURE 5.13 M.C. Escher, Waterfall, © 2007 The M.C. Escher Company, Holland.
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10. A  60 kg hiker carries a 10 kg backpack up a 10 m high hill.
(a) How much work will be done by the hiker?
(b) If the hiker takes 40 seconds to climb the hill, what average power did he develop? (Assume 

that he walked up the hill at constant speed.)
11. (a)   What percentage of energy has been dissipated by a rubber ball striking the ground if it 

bounces to a height of 1.2 m after being dropped from a height of 2 m?
(b) Where has this energy gone?

12. Katrina throws a 100 g ball vertically with an initial upward velocity of 12 m s−1, and it rises to a 
height of 5 m before returning to her.
(a) What was the average force provided by air resistance as the ball rose into the air?
(b) Assuming that the same amount of air resistance acts on the ball as it falls back down, calcu-

late the velocity of the ball when Katrina catches it again.
13. How much work is done on a 4.0 kg brick as it is lifted through a vertical distance of 1.5 m?
14. Imagine that you are trying to push-start a 2000 kg truck with its handbrake on. How much work 

are you doing on the truck?
15. A toddler swings her fluffy toy by a string around in circles at a constant speed. How much work 

does she do on the toy in completing:
(a) one full revolution
(b) half of a full revolution?

16. Use the formulae for work and kinetic energy to show that their units are equivalent.
17. Estimate the kinetic energy of:

(a) a car travelling at 60 km h−1 on a suburban street
(b) a tennis ball as it is returned to the server in a Wimbledon final.

18. Estimate the amount of work done on a 58 g tennis ball by the racquet when the ball is served at a 
speed of 200 km h−1.

19. Estimate the change in gravitational potential energy of:
(a) a skateboarder riding down a half-pipe
(b) a child sliding from the top to the bottom of a playground slide
(c) you at your maximum height as you jump up from rest.

20. A truck driver wants to lift a heavy crate of books with a mass 
of 20 kg onto the back of a truck through a vertical distance of 
1 m. The driver needs to decide whether to lift the crate straight 
up, or push it up along a ramp.
(a) What is the change in gravitational potential energy of the 

crate of books in each case?
(b) How much work must be done against the force of gravity 

in each case?
(c) If the ramp is perfectly smooth, how much work must be 

done by the truck driver to push the crate of books onto the back of the truck?
(d) In view of your answers to (b) and (c), which of the two methods is the best way to get the 

crate of books onto the back of the truck? Explain your answer.
21. World-class hurdlers raise their centre of mass as little as possible when they jump over the 

hurdles. Why?
22. If a 160 g cricket ball is dropped from a height of 2.0 m onto a hard surface, calculate:

(a) the kinetic energy of the ball as it hits the ground
(b) the maximum amount of elastic potential energy stored in the ball
(c) the height to which it will rebound.
Assume that 32% of the kinetic energy of the cricket ball is stored in it as it bounces on a hard 
surface.

(a)

(b)

FIGURE 5.14
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23. A tourist on an observation tower accidentally drops her 1.2 kg camera to the ground 20 m below.
(a) What kinetic energy does the camera gain before shattering on the ground?
(b) What is the velocity of the camera as it hits the ground?

24. A girl of mass 50 kg rollerblades freely 
from rest down a path inclined at 30° to the 
horizontal. The graphs at the right shows 
how the magnitude of the net force on the 
girl changes as she progresses down the 
path.
(a) What is the kinetic energy of the girl 

after rolling a distance of 8.0 m?
(b) What is the sum of the friction force 

and air resistance on the girl over the 
first 8.0 m?

(c) What is the kinetic energy of the girl at 
the end of her 20 m roll?

(d) How much gravitational potential 
energy has been lost by the girl during 
her 20 m roll?

(e) Account for the difference between 
your answers to (c) and (d).

25. The figure at the right shows part of a 
roller-coaster track. As a fully loaded 
roller-coaster car of total mass 450 kg 
approaches point A with a velocity of 
12 m s−1, the power fails and it rolls 
freely down the track. The friction force 
on the car can be assumed to be 
negligible.
(a) What is the kinetic energy of the 

loaded car at point A?
(b) Determine the velocity of the loaded car at each of points B and C.
(c) What maximum height will the car reach after passing point D?

26. The graph at the right shows how the 
driving force on a 1200 kg car changes 
as it accelerates from rest over a dis-
tance of 1 km on a horizontal road. The 
average force opposing the motion of 
the car due to air resistance and road 
friction is 360 N.
(a) How much work has been done by 

the forward push (the driving force) 
on the car?

(b) How much work has been done on 
the car to overcome both air resist-
ance and road friction?

(c) What is the velocity of the car when it has travelled 1 km?
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27. Jo and Bill are conducting an experimental investigation into the bounce of a basketball. Bill 
drops the ball from various heights and Jo measures the rebound height. They also use an elec-
tronic timer with thin and very light wires attached to the ball and to alfoil on the floor to measure 
the impact time. A top-loading balance measures the mass of the ball. What physical quantities 
can they calculate using these four measurements?

28. A tractor engine has a power output of 80 kW. The tractor is able to travel to the top of a 500 m hill in 
4 minutes and 30 seconds. The mass of the tractor is 2.2 tonnes. What is the efficiency of the engine?

29. Human muscle has an efficiency of about 20%. Take a heavy mass, about 1–2 kg, in your hand. 
With your hand at your shoulder, raise and lower the mass 10 times as fast as you can. Measure 
the mass, your arm extension and the time taken, and calculate the amount of energy expended, 
your power output and your power input.

30. A pile driver has an efficiency of 80%. The hammer has a mass 500 kg and the pile a mass of 
200 kg. The hammer falls through a distance of 5.0 m and drives the pile 50 mm into the ground. 
Calculate the average resistance force exerted by the ground.

31. Estimate the average power delivered to a 58 g tennis ball by a racquet when the ball is served at 
a speed of 200 km h−1 and the ball is in contact with the racquet for 4.0 ms.

32. At what average rate is work done on a 4.0 kg brick as it is lifted through a vertical distance of 
1.5 m in 1.2 s?

33. In the sport of weightlifting, the clean-and-jerk involves bending down to grasp the barbell, lifting 
it to the shoulders while squatting and then jerking it above the head while straightening to a 
standing position. In 1983, Bulgarian weightlifter Stefan Topurov became the first man to clean 
and jerk three times his own body mass when he lifted 180 kg. Assume that he raised the barbell 
through a distance of 1.8 m in a time of 3.0 s.
(a) How much work did Stefan do in overcoming the force of gravity acting on the barbell?
(b) How much power was supplied to the barbell to raise it against the force of gravity?
(c) How much work did Stefan do on the barbell while he was holding it stationary above his 

head?
34. A small car travelling at a constant speed of 20 m s−1 on a horizontal road is subjected to air 

resistance of 570 N and road friction of 150 N. What power provided by the engine of a car is 
used to keep it in motion at this speed?

35. While a 60 kg man is walking at a speed of 2.0 m s−1, his centre of mass rises and falls 3.0 cm with 
each stride. At what rate is he doing work against the force of gravity if his stride length is 1.0 m?

36. A bicycle is subjected to a rolling friction force of 6.5 N and an air resistance of 5.7 N. The total 
mass of the bicycle and its rider is 75 kg. Its mechanical power output while being ridden at a 
constant speed along a horizontal road is 56 W.
(a) At what speed is it being ridden?
(b) If the bicycle was ridden at the same speed up a slope inclined at 30° to the horizontal, what 

additional mechanical power would need to be supplied to maintain the same speed? Assume 
that the rolling friction and air resistance are the same as on the horizontal road.

37. A roller-coaster rolling down the first hill starts to climb the next hill which (by poor design) is the 
same height as the first. Sketch a graph that demonstrates the most likely motion of the roller-coaster 
with time, t, on the horizontal axis and height above ground level, h, on the vertical axis.

38. Engineers designing a super drop ride determine that the riders will be raised to a height 
of 200 m, with a braking zone starting 20 m from the bottom of the ride. Evaluate the feasibility 
of this design.

39. An electric motor is to power a lifting chain that raises a 1500 kg roller-coaster up a 70 m hill in 
3 minutes. If the roller-coaster is moving at 4 m s−1 at the top of the hill, what will the minimum 
power of the motor need to be? (Assume that the roller-coaster is stationary at the bottom of 
the hill.)
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PRACTICAL INVESTIGATIONS

Investigation 5.1: Climbing to the top
Aim
To calculate the work required and the power that must be developed to displace a mass vertically upwards

Apparatus
bathroom scales
builder’s tape measure or laser distance meter
access to a flight of stairs
stopwatch
schoolbag with books (total mass at least 3 kg)

Theory
In running up a flight of stairs, you are doing work against gravity. The amount of work is described by the 
equation W =  m g Δh, where m is the mass being moved, g is the gravitational acceleration, and Δh is the 
upwards displacement. The energy exerted in doing the work against gravity is provided by the conversion 
of chemical potential energy stored in the muscles.
The power developed in moving this mass upwards depends upon the rate at which work is done: that is, 

P =  
W
Δt

 where W is the work done in Joules and Δt is the time interval in seconds over which the work is 

done.

Method
Measure and record your mass in kilograms.
Measure the height of the flight of stairs in metres.
Measure and record the time taken for you to run up the flight of stairs.
After you have recovered, measure and record your mass while carrying the schoolbag full of books.
Measure and record the time taken for you to run up the flight of stairs while carrying the loaded school bag.
Enter your results in the table below.

Results

mass, m (kilograms) height, Δh (metres) time, Δt (seconds)

without load

with load

Analysis
Use your results to calculate the work done against gravity and the power developed as you ran up the 
stairs (a) without the bag of books, and (b) while carrying the bag of books.

Questions
1. What effect (if any) did increasing the mass have on the amount of work done to travel the same vertical 

distance?
2. What effect did increasing the mass have on the amount of power developed?
3. If your muscles are 25% efficient, at what rate was chemical energy transformed by your body to get 

you up the stairs when (a) you were not carrying the bag of books, and (b) when you were carrying the 
bag of books?

4. Compare and comment on the difference that the extra load makes to the work done against gravity and 
the power developed.
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