
This collision is a mechanical interaction. The motion of the car has changed as a result of the action 
of a force. The change in motion depends on the size of the force applied and the mass of the car. The 
mechanical interaction also involved some transfers of energy — from the car to the object it collided 
with, to the road and to the particles of air around the car. Some of the car’s kinetic energy has been 
transformed to other forms of energy such as sound and heat.

REmEmBER

Before beginning this chapter, you should be able to:

■ identify and describe energy transfers and
transformations in a wide range of common situations

■ qualitatively account for the total energy when energy
transfers and transformations take place.

KEY IDEAS

After completing this chapter, you should be able to:

■ analyse collisions between objects moving in a straight
line in terms of impulse and momentum transfer

■ analyse work in terms of force and distance travelled in
the direction of the force

■  use the area under a force-versus-distance (or
displacement) graph to determine work done by a force
with changing magnitude

■ apply the energy conservation model to energy transfers
and transformations

■ analyse mechanical energy transfers and transformations
in terms of work, energy and power

■ apply Hooke’s Law for an ideal spring
■ solve problems involving transfers between gravitational

potential energy, potential energy in ideal springs and
kinetic energy near the Earth’s surface

■ describe and analyse power as the rate of energy transfer
■ analyse momentum transfer (impulse) in an isolated system

for collisions between objects moving along a straight line

12 Mechanical interactions
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221CHAPTER 12 Mechanical interactions

Impulse and momentum  
in collisions
When two objects, A and B, collide with each other, each object exerts a 
force on the other. These two forces are an example of Newton’s Third Law of 
Motion. The two forces act on different objects, are equal in magnitude and act 
in opposite directions.

The collision starts at some point in time and finishes at another point in 
time. The symbol Dt represents the duration of the collision. From Newton’s 
point of view, both objects measure the same duration. Multiplying Fon B by A 
by Dt gives Fon B by A Dt, which, from the previous chapter, is the impulse on 
B by A. This impulse produces a change in momentum, but whose momentum? 
A or B? Because it is the impulse by A on B, it is B’s momentum that is  
changed. 

Fon B by A Dt = Ion B by A = DpB

Similarly, the force on A by B produces a change in A’s momentum.

Fon A by B Dt = Ion A by B = DpA.

Forces are actions by one object on another, but momentum can be said to 
be a quantity an object has, even if it is a vector. So a force acting for a time 
changes how much momentum an object has.

In a collision, the two forces are equal in magnitude and opposite in direc-
tion. So the changes in momentum of A and B are also equal in magnitude and 
opposite in direction. This can be written as: 

DpB = −DpA

Because momentum is a quantity, this statement can be interpreted as ‘the 
momentum that B gains equals the momentum that A loses’. This is the basis of 
a conservation principle. Total momentum is conserved.

The ‘change’ in something is always the ‘final’ value minus the ‘initial’ value, 
or what is added to the ‘initial’ value to get the ‘final’.

Dp = pfinal − pinitial or pfinal = pinitial + Dp

For object B, DpB = pBfinal − pBinitial. 
For object A, DpA = pAfinal − pAinitial. 

So, from the above relationship:

DpB = −DpA
pBfinal − pBinitial = −(pAfinal − pAinitial).

Putting the initial momenta together gives:

pAfinal + pBfinal = pAinitial + pBinitial

sum of momentum after = sum of the momentum before

Total momentum is conserved.

From this analysis it can be seen that the conservation of momentum is a 
logical consequence of Newton’s third law.

The interaction between objects A and B can be summarised as follows:
•	 The total momentum of the system remains constant.
•	 The change in momentum of the system is zero.
•	 The change in momentum of object A is equal and opposite to the change in 

momentum of object B.
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before the collision

during the collision

after the collision

The total momentum of the system pAB after the collision is the same as the total
momentum of the system before and during the collision.

pA

FA FB

pB

A
B

pA + pB

pAB 

A

B

A
B

FA FB

The net force on this system of two blocks is zero.

Sample problem 12.1

Consider the collision illustrated in the fi gure above. Block A has a mass of 
5.0 kg; block B has a mass of 3.0 kg; and each block has a speed of 4.0 m s−1 
before the collision. After the collision, the blocks move off  together. Friction 
may be ignored.
(a) Determine the velocity of the blocks after the collision.
(b) What is the change in momentum of each of the blocks?
(c) What is the impulse on block A during the collision?
(d) Determine the fi nal velocity of block B if, instead of moving off  together, 

block A rebounds to the left with a speed of 0.50 m s−1.

(a) Assign the direction to the right as positive. Th e expressions vA and vB are 
the velocities of blocks A and B respectively before the collision, and mA 
and mB are the respective masses of blocks A and B.

Th e total momentum of the system before the collision is:

pA + pB = mAvA + mBvB

	 = 5.0 kg × 4.0 m s−1 + 3.0 kg × −4.0 m s−1

	 = 20 kg m s−1 − 12 kg m s−1

	 = 8.0 kg m s−1.

 Th e total momentum of the system before the collision is the 
same as the total momentum of the system after the collision as the net 
force on the system is zero. After the collision, blocks A and B can be con-
sidered to be a single body of mass mAB, velocity vAB and momentum pAB. 
Th us:

 pAB = 8.0 kg m s−1

  ⇒	mABvAB = 8.0 kg m s−1

	⇒ (5.0 + 3.0) kg × vAB = 8.0 kg × vAB = 8.0 kg m s−1

 ⇒ vAB = 1.0 m s−1.

Th e velocity of the blocks after the collision is 1.0 m s−1 to the right.

Solution:
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223CHAPTER 12 Mechanical interactions

(b) Considering block A alone,

DpA = mADvA

	 = 5.0 kg (1.0 m s−1 − 4.0 m s−1)

	 = 5.0 kg × −3.0 m s−1

	 = −15 kg m s−1, or 15 kg m s−1 to the left.

	 DpB should be 15 kg m s−1 to the right since the change in momentum of 
the whole system is zero. To confirm this, consider block B alone.

pDB = mBDvB

	 = 3.0 kg (1.0 m s−1 − (−4.0 m s−1))

	 = 3.0 kg × 5.0 m s−1

	 = 15 kg m s−1, or 15 kg m s−1 to the right.

(c) The impulse on block A during the collision is equal to its change in 
momentum, that is, −15 kg m s−1 or 15 N s to the left. (The impulse on 
block B is equal and opposite to this.)

(d) Let the final momenta and velocities of blocks A and B be pAf, pBf, vAf and 
vBf respectively.

 pAf + pBf = 8.0 kg m s−1 (since momentum 
is conserved here)

	⇒ 5.0 kg × −0.50 m s−1 + 3.0 kg × vBf m s−1 = 8.0 kg m s−1

	 ⇒ −2.5 kg m s−1 + 3.0 kg × vBf = 8.0 kg m s−1

	 ⇒ 3.0 vBf = 10.5 kg m s−1

	 ⇒ vBf = 3.5 m s−1, or 3.5 m s−1 to 
 the right

Revision question 12.1

Consider a collision in which a model car of mass 5.0 kg travelling at 2.0 m s−1 
in an easterly direction catches up to and collides with an identical model car 
travelling at 1.0 m s−1 in the same direction. The cars lock together after the col-
lision. Friction can be assumed to be negligible.
(a) What was the total momentum of the two-car system before the collision?
(b) Calculate the velocity of the model cars as they move off together after the 

collision.
(c) What is the change in momentum of the car that was travelling faster before 

the collision?
(d) What is the change in momentum of the car that was travelling slower before 

the collision?
(e) What was the magnitude of impulse on both cars during the collision?
(f ) How are the impulses on the two cars different from each other?

Modelling real collisions
The Law of Conservation of Momentum makes it possible to predict the con-
sequences of collisions between two cars or between two people on a 
sporting field. For example, if a 2000 kg delivery van travelling at 30 m s−1 
(108 km h−1) collided with a small, stationary car of mass 1000 kg, the speed 
of the tangled wreck (the two vehicles locked together) could be predicted. 
However, you would need to assume that the frictional forces and driving 
force acting on both cars were zero after the collision. A reasonably good 
estimate can be made of the speed of the tangled wreck immediately after 
the collision in this way.

Unit 2 Conservation 
of momentum  
in collisions
Concept summary  
and practice 
questions

AOS 1

Topic 4

Concept 7
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The initial momentum pi of the system is given by:

pvan + pcar = 2000 kg × 30 m s−1 + 0 kg m s−1

	 = 60  000 kg m s−1

where the initial direction of the van is taken to be positive.

The momentum of the system after the collision pf is the momentum of just 
one object — the tangled wreck.

pf = 3000 kg × v

where v is the velocity of the tangled wreck after the collision.

But since pf = pi,

3000 kg × v = 60  000 kg m s−1

	 ⇒	v = 
60 000kg ms

3000kg

1−

	 =	20 m s−1.

The speed of the small car changes a lot more than the speed of the large 
van. However, the change in the momentum of the car is equal and opposite 
to that of the van.

Dpcar = 1000 kg × 20 m s−1 − 0 kg m s−1

	 = 20  000 kg m s−1

Dpvan = 2000 kg × 20 m s−1 − 2000 kg × 30 m s−1

	 = 40  000 kg m s−1 − 60  000 kg m s−1

	 = −20  000 kg m s−1.

If the small car hit the stationary van at a speed of 30 m s−1, and the two 
vehicles locked together, the speed of the tangled wreck would be less than 
20 m s−1. Apply the Law of Conservation of Momentum to predict the speed of 
the tangled wreck immediately after this collision.

The concept of energy
A lot has already been said about energy in previous chapters of this book. The 
word energy is used often in everyday language. Try writing down your own 
definition of energy. Look up a dictionary — any dictionary — to find out what 
it means. Most dictionaries and some physics textbooks define energy as the 
capacity to do work. The term work is defined as the quantity of energy trans-
ferred when an object moves in the direction of a force applied to it. These defi-
nitions do not, however, provide a clear understanding of what energy actually is.

Energy is a concept — an idea — that is used to describe and explain change. 
The following list of some of the characteristics of energy provides some clues 
as to what it really is.
•	 All matter possesses energy.
•	 Energy takes many different forms. It can therefore be classified. Light, inter-

nal energy, kinetic energy, gravitational potential energy, chemical energy and 
nuclear energy are some of the different forms of energy. The names given to 
different forms of energy sometimes overlap. For example, light is an example of 
radiant energy. Gamma radiation could be described as nuclear energy or radiant 
energy. Sound energy and electrical energy involve kinetic energy of particles.

•	 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.

•	 Energy can be stored, transferred to other matter or transformed from one 
form into another.

Unit 2 Law of  
Conservation 
of Energy
Concept summary 
and practice 
questions
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225CHAPTER 12 Mechanical interactions

•	 Some energy transfers and transformations can be seen, heard, felt, smelt or 
tasted.

•	 It is possible to measure the quantity of energy transferred or transformed. 
However, many energy transfers and transformations are not observable 
and therefore cannot be measured.
The concept of energy allows us to keep track of the changes that take place 

in a system. The system could be the universe, Earth, your home, the room you 
are in, your body or a car.

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

An interaction that involves the transfer of energy by the action of a force is 
called a mechanical interaction.

When mechanical energy is transferred to or from an object, the amount of 
mechanical energy transferred is called work.

The work (W  ) done when a force (F ) causes a displacement (s) in the direc-
tion of the force is defined as:

work =  magnitude of the force × magnitude of displacement in the direction 
of the force

 W = F × s.

Work is a scalar quantity. The SI unit of work is the joule. One joule of work 
is done when a force of magnitude of 1 newton (N) causes a displacement of 
1 metre in the same direction of the force. That is:

1 J = 1 N × 1 m

	 = 1 N m.

It is important to remember that work is always done by a force acting on 
something.

Sample problem 12.2

A shopper pushes horizontally on a loaded supermarket trolley of mass 30 kg 
with a force of 150 N to move it a distance of 5.0 metres along a horizontal, 
straight path. The friction force opposing the motion of the trolley is a constant 
120 N. How much work is done on the trolley by:
(a) the force applied by the shopper
(b) the net force
(c) the shopper to oppose the friction force?

(a) W = Fs
= 150 N × 5.0 m
= 750 J

(b) W = Fnet s
= 30 N × 5.0 m
= 150 J

(c) W = Fs
= 120 N × 5.0 m
= 600 J

Revision question 12.2

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:
(a) the warehouse worker (b) the net force?

A mechanical interaction is one 
in which energy is transferred from 
one object to another by the action 
of a force.

Work is done when energy is 
transferred to or from an object 
by the action of a force. Work is a 
scalar quantity.

Solution:

Unit 2 Work, 
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Kinetic energy
Kinetic energy is the energy associated with the movement of an object. By 
imagining how much energy it would take to stop a moving object, it can be 
deduced that kinetic energy depends on the mass and speed of the object.

A formula for kinetic energy can be deduced by recalling Newton’s First Law 
of Motion:

 Every object continues in its state of rest or uniform motion unless made to change 
by a non-zero net force.

The kinetic energy of an object can change only as a result of a non-zero net 
force acting on it in the direction of motion. It follows that the change in kin-
etic 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 DEk can be expressed as:

DEk = 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.
The movement of the object can also be described in terms of its initial 

velocity v and its final velocity u. The magnitudes of the quantities a, s, v and u 
are related to each other by the equation:

v2 = u2 + 2as.

If the object acquires a speed v as a result of the work done by the net force:

 v2 = 2as  since u = 0

⇒	as = 
v

2
.

2

Substituting this into the expression for kinetic energy:
Ek = mas

⇒	Ek = 
mv

2
.

2

The kinetic energy of an object of mass m and speed v can therefore be 
expressed as:

Ek =	 mv .1
2

2

Note that the momentum (p = mv) is a vector quantity, whereas kinetic 
energy Ek =	 mv1

2
2 is a scalar quantity.

Sample problem 12.3

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

Estimate the mass of the athlete to be 70 kg and the speed of the athlete to be 
10 m s−1.

E mv

   70 kg   (10 m s )

3.5   10 J

k
1
2

2

1
2

1 2

3

=

= × ×

= ×

−

Kinetic energy is the energy 
associated with the movement of 
an object. Like all forms of energy, 
kinetic energy is a scalar quantity.

Unit 2 Kinetic energy
Concept summary 
and practice 
questions

AOS 1

Topic 4

Concept 2

Solution:UNCORRECTED P
AGE P

ROOFS



227CHAPTER 12 Mechanical interactions

 Estimate the total mass of the car and its passengers to be 1500 kg and the 
speed of the car to be about 60 km h−1 (17 m s−1).

E mv

   1500kg   (17m s )

2.2   10 J

k
1
2

2

1
2

1 2

5

=

= × ×

= ×

−

The value of the ratio 
E

E

(car)

(athlete)

2.2   10 J

3.5   10 J
63k

k

5

3=
×
×

= .

Thus the car has about 60 times as much kinetic energy as the athlete.

Revision question 12.3

(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 snail crawling across a footpath.

Sample problem 12.4

If the supermarket trolley in sample problem 12.2 starts from rest, what is its 
final speed?

The change in kinetic energy of the trolley is equal to the work done on it by 
the net force acting on it.

	 DEk = Fnet s
	 ⇒ Ek = Fnet s  (since the initial kinetic energy is zero)
	 	= 30 N × 5.0 m 
	 	= 150 J
	 ⇒ 1

2 mv 2 = 150 J

⇒ 1
2  × 30 kg × v 2 = 150 J  (substituting data)

	 ⇒	v 2 =	
150J

15kg

	 ⇒	v = 3.2 m s−1

Revision question 12.4

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?

If the net force is in the opposite direction to that in which the object is 
moving, the object slows down. For example, the work done by the net force to 
stop a 70 kg athlete running at a speed of 10 m s−1 is given by:
 work done by net force = DEk

	 = 0 − 1
2 mv2

	 = − 1
2 	×	70 kg ×	(10 m s−1)2	

	 = −3500 J.
The negative sign indicates that the direction of the net force is opposite to 

the direction of the displacement.

Solution:
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AS A mATTER Of fACT

The truth of the 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 
that of the same car travelling at 120 km h−1 (33.3 m s−1).

At 60 km h−1, the car’s kinetic energy is:

Ek = 1
2 mv2

= 1
2 × 1500 kg ×	(16.7 m s−1)2

= 2.1 × 105 J.

At 120 km h−1, its kinetic energy is:

Ek = 1
2 mv2

= 1
2 × 1500 kg ×	(33.3 m s−1)2

= 8.3 × 105 J.

In other words, a 100% increase in speed produces a 400% increase 
in the kinetic energy and therefore a four-fold increase in the work that 
needs to be done on the car to stop it during a crash with a solid object.

Potential 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 
transforms 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 ‘separating’ charges that are attracted to each other can be 
transformed into other forms of energy by completing 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.

Gravitational potential energy
When an object is in free fall, work is done on it by the force of gravity, trans-
forming 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 DEgp by an object of 

Gravitational potential energy 
is the energy stored in an object 
as a result of its position relative 
to another object to which it is 
attracted by the force of gravity.

Strain potential energy is the 
energy stored in an object as a 
result of a reversible change in 
shape. It is also known as elastic 
potential energy.

Unit 2 Gravitational 
potential  
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mass m lifted through a height Dh can be found by determining how much 
work is done on it by the force (or forces) opposing the force of gravity.

 W = Fs
	 = mgDh (substituting F = mg and s = Dh)
⇒ DEgp = mgDh

Th is formula only provides a way of calculating changes in gravitational 
potential energy. If the gravitational potential energy of an object is defi ned 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.

	 DEgp = mgDh
	⇒ Egp − 0 = mg (h − 0)
	 ⇒ Egp = mgh

Usually the reference height is ground or fl oor 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. Th e fi gure 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. Th e gravitational 
potential energy gained will be transformed into kinetic energy as work is done 
on the egg by the force of gravity.

ΔEgp = mgΔh
 = mg(he − 0)
 = mgd

ΔEgp = mgΔh
 = mg(H − ht)
 = mgd

h = he h = H

h = ht h = 0 

h = 0

dd

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. Th e gravitational 
potential energy needed to clear the bar is minimised. 
Th us, 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.

The Fosbury Flop can place a high jumper’s centre of mass 
below the bar during the jump.
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Strain potential energy
Work must be done on an object by a force in order to change its strain potential 
energy. However, when objects are compressed, stretched, bent or twisted, the 
force needed to change their shape is not constant. For example, the more you 
stretch a rubber band, the harder it is to stretch it further. The more you com-
press the sole of a running shoe, the harder it is to compress it further. The 
amount of strain potential energy gained by stretching a rubber band or by 
compressing the sole of a running shoe can be determined by calculating the 
amount of work done on it.

The amount of work done by a changing force is given by:

W = Fav s.

It can be determined by calculating the area under a graph of force 
versus displacement in the direction of the force. In the case of a simple 
spring, a rubber band or the sole of a running shoe, the work done (and 
hence the change in strain potential energy) can be calculated by deter-
mining the area under a graph of force versus extension, or force versus 
compression.

Sample problem 12.5

The following figure shows how the force required to compress a spring 
changes as the spring is compressed. How much strain potential energy is 
stored in the spring when it is compressed by 25 cm?
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The amount of strain potential energy added to the spring when it is com-
pressed is equal to the amount of work done to compress it (which is equal to 
the area under the force-versus-compression graph).

 W = area under graph

	 = 1
2

 × 0.25 m × 20 N (converting units of compression from cm to m)

	 = 2.5 J

Revision question 12.5

How much strain potential energy is stored in the spring described in sample 
problem 12.5 when it is compressed by a distance of:
(a) 10 cm
(b) 20 cm?

Solution:
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Hooke’s Law
Th e spring in sample problem 12.5 is an example of an ideal spring. For an 
ideal spring, the force required to compress (or extend) the spring is directly 
proportional to the compression (or extension):

F ∝	D	x

where

F is the force exerted by the spring

D	x is the displacement of the spring.

Th is relationship is expressed fully by Hooke’s Law, which states:

F = −k D	x

where k is known as the spring constant.

Th e negative sign in Hooke’s Law is necessary because the direction of the 
force applied by the spring is always opposite to the direction of the spring’s 
displacement. For example, if the spring is compressed, it pushes back in 
the opposite direction. If the spring is extended, it pulls back in the opposite 
direction.

Hooke’s Law is more conveniently expressed without vector notation as:

F = kDx

where

F is the magnitude of the force applied by the spring

D	x is the magnitude of the extension or compression of the spring.

Graphs showing the force 
applied by an ideal spring 
versus (a) compression and 
(b) extension
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Th e strain energy stored in a spring that is changed in length by Dx, whether 
it is compressed or extended, is equal to the area under the force-versus-
compression graph or the force-versus-extension graph. Th at is:

strain potential energy = 1
2  ×	kDx ×	Dx

	 = 1
2 k(Dx)2

Sample problem 12.6

A wooden block is pushed against an ideal spring of length 30 cm until its 
length is reduced to 20 cm. Th e spring constant of the spring is 50 N m−1.
(a) What is the magnitude of the force applied on the wooden block by the 

compressed spring?
(b) How much strain potential energy is stored in the compressed spring?
(c) How much work was done on the spring by the wooden block?

Unit 2 Hooke’s Law 
and elastic 
potential energy
Concept summary 
and practice 
questions

AOS 1

Topic 4

Concept 4
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(a) F = kDx

	 = 50 N m−1 × 0.10 m  (spring compression is 10 cm)

	 = 5.0 N

(b) strain potential energy = 1
2 k(Dx)2

	 = 1
2 	×	50 N m−1 × (0.10 m)2

	 = 0.25 J

(c) Work done on spring = elastic potential energy

	 = 0.25 J

Revision question 12.6

(a) An object hanging from the end of a spring extends the spring by 20 cm. The 
spring constant is 60 N m−1.

 (i) What upwards force is applied to the object by the spring?
 (ii)  How much strain potential energy is stored in the spring when it is 

extended by 20 cm?
 (iii) What is the mass of the object?
(b) What is the spring constant of the spring described in sample 

problem 12.5?

Conservation of total mechanical 
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.
•	 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 upwards 

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 
upwards 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, transform-
ing 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 trans-
formed. 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 permanent deform-
ation through the breaking on bonds between atoms can also lead to a loss 
of such energy.

Mechanical energy losses to thermal energy, sound etc. are largely perma-
nent. It is very difficult to convert this lost energy back into mechanical energy 

Solution:
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and so it is not considered useful. The efficiency, η, of an energy transfer is 
calculated from the ratio:

useful energy out

total energy in
η =

where η is the Greek letter eta.

Sample problem 12.7

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

useful energy out

total energy in
η =

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 
mg

mg

1.2

1.5
η =

= 80%

Revision question 12.7

A basketball is pumped up to give an efficiency of 80% when dropped. If this 
basketball is dropped from a height of 2.0 m, to what height does it rebound 
after the fourth bounce?

Sample problem 12.8

A skateboarder of mass 50 kg, starting from rest, rolls from the top of a curved 
ramp, a vertical drop of 1.5 m (see the figure below). What is the speed of the 
skateboarder at the bottom of the ramp?

The frictional force applied to the skateboarder by the ramp is negligible.

height of 
centre
of mass

height of 
centre of mass

1.5 m

1.5 m

Solution:
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It can be assumed in this case that the total mechanical energy is conserved. 
Th e only transformation that takes place is that from gravitational potential 
energy to kinetic energy. Th e gain in kinetic energy of the skateboarder is 
therefore equal to the magnitude of the loss of gravitational potential energy.

 ∆Ek = ∆Egp

	 ⇒ 1
2  mv 2 = mg∆h

	⇒ 1
2  × 50 kg × v  2 = 50 kg × 10 N kg−1 × 1.5 m (substituting data)

 ⇒ v  2 = 
50kg 10 N kg 1.5 m

50 kg

1

1
2

× ×
×

−

	 ⇒ v = 5.5 m s−1 (evaluating)

Th e speed of the skateboarder at the bottom of the ramp is 5.5 m s−1.

Revision question 12.8

A toy car of mass 0.50 kg is pushed against an ideal spring so that the spring is 
compressed by 0.10 m. Th e spring constant of the spring is 80 N m−1.
(a) How much strain potential energy is stored in the spring when it is 

compressed?
(b) After the toy car is released, what will be its speed at the instant that the 

spring returns to its natural length?

AS A mATTER Of fACT

Kangaroos have huge tendons in their hind legs that store and return 
elastic potential energy much more effi  ciently than do those of other 
mammals of comparable size. Th is allows them to hop for very large dis-
tances without tiring. A young 50 kg kangaroo is capable of storing about 
360 J of energy in each of its hind legs. A typical four-legged animal of the 
same mass stores about 55 J in each of its hind legs while running.

An adult red kangaroo can jump over obstacles up to 2 m in height.

Solution:

Weblink
Conservation of mechanical 
energy app
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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

tD
where
W = the work done
Dt = 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 speed v.

P
W

t

Fx

t

F
x

t
Fv

     

   

=
D

=
D

= ×
D

=

Sample problem 12.9

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?

(a) The work done by the student against the force of gravity is equal to the 
gain in gravitational potential energy.

W = mgDh

The rate at which the work is done, or power (P), is:

P
W

t
       

40 kg   10N kg    12 m

40 s

 120 W

1

=
D

=
× ×

=

−

(b) P    
energy transferred

time taken

 30 kJ min

 
30 000 J

60 s

 500 W

1

=

=

=

=

−

Revision question 12.9

(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 trans-
formed into kinetic energy during a 1.2 second interval?

Power is the rate at which energy 
is transferred or transformed.

Unit 2 Power and  
energy 
efficiency
Concept summary 
and practice 
questions

AOS 1

Topic 4

Concept 6

Solution:

Digital doc
Investigation 12.1: 
Climbing to the top
doc-16175
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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 hori-
zontal 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 speed is:

P = Fv

= 13 N × 4.0 m s−1

= 52 W.
Running at a speed of 4.0 m s−1 requires a mech anical 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
E

t
mg h

t
.

gp=
D

D

=
D

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

10
 of 4.0 m = 0.4 m.

P    
50 kg   10N kg    0.4 m

1.0 s

 200 W

1

⇒ =
× ×

=

−

Practical investigations

•	 Investigate the magnetic collision between two air track gliders. Hint: Use 
an ultrasound motion detector or a high-speed digital camera.

•	 Investigate the force of impact on a bouncing ball.
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Unit 2 Energy and motion

Sit Topic test

AOS 1

Topic 4Chapter review

Summary
 ■ If the net force acting on a system is zero, the total 

momentum of the system does not change. This 
statement is an expression of the Law of Conser-
vation of Momentum.

 ■ If there are no external forces acting on a system 
of two objects when they collide, the change in 
momentum of the first object is equal and opposite 
to the change in momentum of the second object.

 ■ 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 displacement 
in the direction of the force.

 ■ All moving objects possess kinetic energy. The kinetic 
energy of an object can be expressed as E mvk

1
2

2= .
 ■ 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 DEgp = mgDh where Dh is the object’s change in 
height.

 ■ The change in the strain potential energy stored in an 
object can be found by determining the area under a 
force-versus-compression or force-versus-extension 
graph.

 ■ The force F applied by an ideal spring when it is com-
pressed or extended is proportional to its displace-
ment D	x. This relationship is expressed by Hooke’s 
Law: F = −kD	x, where k is known as the spring 
constant.

 ■ The strain potential energy stored in an ideal spring 
is equal to 1

2 k(D	x)2.
 ■ Kinetic energy, gravitational potential energy and 

strain potential energy are referred to as forms of 
mechanical energy. During a mechanical inter action, 
it is usually reasonable to assume that total mech-
anical energy is conserved.

 ■ The efficiency of an energy transfer is calculated from 
the ratio:

efficiency, 
useful energy out

total energy in
η =

 ■ 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.

Questions
Impulse and momentum in collisions
 1. Explain in terms of the Law of Conservation of 

Momentum how astronauts walking in space can 
change their speed or direction.

 2. A physics student is experimenting with a 
low-friction trolley on a smooth horizontal surface. 
Predict the final velocity of the 2.0 kg trolley in each 
of the following two experiments.
(a) The trolley is travelling at a constant speed of 

0.60 m s−1. A suspended 2.0 kg mass is dropped 
onto it as it passes.

(b) The trolley is loaded with 2.0 kg of sand. As the 
trolley moves with an initial speed of 0.60 m s−1, 
the sand is allowed to pour out through a hole 
behind the rear wheels.

 3. Two stationary ice-skaters, Catherine and Lauren, 
are facing each other and use the palms of their 
hands to push each other in opposite directions. 
Catherine, with a mass of 50 kg, moves off in a 
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straight line with a speed of 1.2 m s−1. Lauren 
moves off in the opposite direction with a speed of 
1.5 m s−1.

(a) What is Lauren’s mass?
(b) What is the magnitude of the impulse that 

results in Catherine’s gain in speed?
(c) What is the magnitude of the impulse on 

Lauren while the girls are pushing each other 
away?

(d) What is the total momentum of the system of 
Catherine and Lauren just after they push each 
other away?

(e) Would it make any difference to their final 
velocities if they pushed each other harder? 
Explain.

 4. Nick and his brother Luke are keen rollerbladers. 
Nick approaches his stationary brother at a speed 
of 2.0 m s−1 and bumps into him. As a result of 
the collision Nick, who has a mass of 60 kg, stops 
moving, and Luke, who has a mass of 70 kg, moves 
off in a straight line. The surface on which they are 
‘blading’ is smooth enough that friction can be 
ignored.

(a) With what speed does Luke move off?
(b) What is the magnitude of the impulse on Nick 

as a result of the bump?
(c) What is the magnitude of Nick’s change in 

momentum?
(d) What is the magnitude of Luke’s change in 

momentum?
(e) How would the motion of each of the brothers 

after their interaction be different if they 
pushed each other instead of just bumping?

(f) If Nick held onto Luke so that they moved off 
together, what would be their final velocity?

 5. An unfortunate driver of mass 50 kg travelling on an 
icy road in her 1200 kg car collides with a stationary 
police car of total mass 1500 kg (including 
occupants). The tangled wreck moves off after the 
collision with a speed of 7.0 m s−1. The frictional 
force on both cars can be assumed to be negligible.
(a) At what speed was the unfortunate driver 

travelling before her car hit the police car?
(b) What was the impulse on the police car due to 

the collision?
(c) What was the impulse on the driver of the 

offending car (who was wearing a properly 
fitted seatbelt) due to the impact with the 
police car?

(d) If the duration of the collision was 0.10 s, what 
average net force was applied to the police car?

 6. The Law of Conservation of Momentum can be 
written as DpB = −DpA, which equates the change 
in momentum of two different objects, A and B.

   Some textbooks express Newton’s third law as 
Fon B by A = −Fon A by B. What is it about the nature of 
a force that makes this statement misleading? Why 
is there no ‘Law of Conservation of Force’?

 7. Design a spreadsheet to model head-on collisions 
between two cars on an icy road or between two 
ice-skaters. Assume that the cars or skaters are 
locked together after impact. Use your spreadsheet 
to predict the speed of the cars or skaters after the 
collision for a range of masses and initial speeds.

Getting down to work
 8. How much work is done on a 4.0 kg brick as it is 

lifted through a vertical distance of 1.5 m?
 9. 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?

 10. 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?

Kinetic energy
 11. Use the formulae for work and kinetic energy to 

show that their units are equivalent.
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 12. 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.
 13. 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.

Potential energy
 14. 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.
 15. 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)

(b)

(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.

 16. World-class hurdlers raise their centre of mass  
as little as possible when they jump over the 
hurdles. Why?

Conservation of total mechanical energy
 17. 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.

 18. Two ideal springs, X and Y, have spring constants 
of 200 N m−1 and 100 N m−1 respectively. They are 
each extended by 20 cm by pulling with a hook. 
For each of the springs, determine:
(a) the magnitude of the force applied to the hook
(b) the strain potential energy.

 19. 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 speed of the camera as it hits the 

ground?
 20. A car of mass 1500 kg travelling at 50 km h−1 collides 

with a concrete barrier. The car comes to a stop over 
a distance of 60 cm as the front end crumples.
(a) What is the average net force on the car as it 

stops?
(b) What is the average acceleration of the car and 

its occupants? Assume that the occupants are 
wearing properly fitted seatbelts.

(c) What would be the average acceleration of 
properly restrained passengers in a very old 
car with no crumple zone if it stopped over 
a distance of only 10 cm? (The maximum 
magnitude of acceleration that humans can 
survive is about 600 m s−2.)

(d) Explain in terms of mechanical energy 
transformations why the front and rear ends of 
cars are designed to crumple.

(e) In a collision with a rigid barrier, would you 
feel safer in a large or a small car? Use some 
sample calculations to illustrate your answer.

 21. A girl of mass 50 kg rollerblades freely from rest down 
a path inclined at 30° to the horizontal. The following 
graph shows how the magnitude of the net force on 
the girl changes as she progresses down the path.
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(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?
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(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).

 22. The following figure shows part of a roller-coaster 
track. As a fully loaded roller-coaster car of total 
mass 450 kg approaches point A with a speed 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.

ground level

20 m

8 m

A

B

C

D

Who switched
off the lights?

(a) What is the kinetic energy of the loaded car at 
point A?

(b) Determine the speed of the loaded car at each 
of points B and C.

(c) What maximum height will the car reach after 
passing point D?

 23. The following graph shows how the driving force 
on a 1200 kg car changes as it accelerates from 
rest over a distance 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.

250
0

500 750 1000

D
riv

in
g 

 fo
rc

e 
(N

)

Distance (m)

2000

1000

1500

500

(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 resistance and road 
friction?

(c) What is the speed of the car when it has 
travelled 1 km?

 24. The following graph shows the results of a roof 
crush test conducted in the laboratories of the 
Department of Civil Engineering at Monash 
University.
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(a) How much work has been done on the roof 
when the ram has reached its maximum 
displacement?

(b) If the car has a mass of 1400 kg, from what 
height would it need to be dropped on its roof 
to crush it by 127 mm?

 25. A toy truck of mass 0.50 kg is pushed against a 
spring so that it is compressed by 0.10 m. The 
spring obeys Hooke’s Law and has a spring 
constant of 50 N m−1. When the toy truck is 
released, what will be its speed at the instant that 
the spring returns to its natural length? Assume 
that there is no frictional force resisting the 
motion of the toy truck.

 26. A pogo stick contains a spring that stores energy 
when it is compressed. The following graph 
shows how the upwards force of a pogo stick on a 
30 kg child jumping on it changes as the  
spring is compressed. The maximum 
compression of the spring is 8.0 cm. Assume 
that all of the energy stored in the spring is 
transformed to the mechanical energy of the 
child. The mass of the pogo stick itself can be 
ignored.
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(a) How do you know that the spring in the pogo 
stick is an ideal spring?

(b) What is the spring constant of the spring?
(c) How much work is done on the child by the 

pogo stick as the spring expands?
(d) What is the kinetic energy of the child at the 

instant that the compression of the pogo stick 
spring is zero?

(e) How high does the child rise from the ground? 
Assume that the child leaves the ground at the 
instant that the compression of the pogo stick 
spring is zero.

 27. Describe the mechanical energy transformations 
that take place when a child jumps up and down 
on a trampoline.

 28. Discuss the mechanical energy transformations 
that take place when a diver uses a springboard to 
dive into the water, from the time that the diver is 
standing motionless on the springboard until the 
time she reaches her lowest point in the water. Use 
a graph describing the energy transformations in 
both the springboard and the diver to illustrate 
your answer.

 29. Discuss the mechanical energy transformations 
that take place when a skateboard rider gets 
airborne off the end of a ramp (see the figure 
below).
(a) Use a graph to describe the energy 

transformations that occur during the time 
interval between starting at one end of the 
ramp, getting airborne at the other end, and 
returning to the starting point.

(b) Explain in terms of the energy transformations 
how it is possible for the rider’s feet to 
remain in contact with the skateboard while in 
the air.

 30. 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 
electronic 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? 

Efficiency
 31. 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?

 32. 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.

 33. 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.

Power
 34. 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.

 35. 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?

 36. 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?
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 37. 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?

 38. 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?

 39. 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.
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