
RemembeR

Before beginning this chapter, you should be able to:
 ■ use Newton’s three laws of motion to explain movement
 ■ apply the energy conservation model to energy transfers 
and transformations

 ■ model work as the product of force and distance travelled 
in the direction of the force for a constant force

 ■  equate the work done on an object by a net force to the 
object’s change in kinetic energy

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

 ■  define kinetic energy and strain potential energy.

Key ideas

After completing this chapter, you should be able to:
 ■ define impulse and momentum in an isolated system
 ■ relate impulse to a change in momentum

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

 ■  apply the Law of Conservation of Momentum to straight 
line collisions

 ■  analyse collisions in terms of energy transfers and 
transformations 

 ■  analyse energy transfers and transformations in which 
work is done by a force in one dimension

 ■  analyse energy transfers and transformations during 
interactions between objects and springs that obey 
Hooke’s Law

 ■  describe the Law of Conservation of Energy and apply it 
to collisions between objects moving in a straight line

 ■  describe the energy lost from a system of objects during 
a collision and explain the loss in terms of the Law of 
Conservation of Energy

 ■  analyse elastic and inelastic collisions in terms of energy 
transfer and conservation of kinetic energy.

2 Collisions and other 
interactions

CHAPTER

The front crumple zone of a car is designed to increase the duration of a collision. It also allows the kinetic energy of 
the car to be transformed into forms of energy that are less harmful to the human body.
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Unit 3 48

impulse and momentum in a collision
Newton’s second Law of Motion describes how the effect of a net force on an 
object depends on its mass. In sample problem 1.4, it was useful to express 
Newton’s second law in terms of acceleration. However, it is sometimes useful 
to express it in terms of the change in momentum of an object. That is:

       Fnet = 
p
t

∆
∆

⇒ Fnet ∆t = ∆p

⇒ Fnet ∆t = m∆v.  (provided the mass is constant)

The product Fnet ∆t is called the impulse of the net force. Impulse is a 
vector quantity which has SI units of N s. Calculations can be carried out to 
show that

1  N  s = 1  kg  m  s−1.

Thus, the effect of a net force on the motion of an object can be sum marised 
by the statement:

impulse = change in momentum.

Sample problem 2.1

A 1200  kg car collides with a concrete wall at a speed of 15  m  s−1 and takes 
0.06  s to come to rest.
(a) What is the change in momentum of the car?
(b) What is the impulse on the car?
(c) What is the magnitude of the force exerted by the wall on the car?
(d) What would be the magnitude of the force exerted by the wall on the car if 

the car bounced back from the wall with a speed of 3.0  m  s−1 after being in 
contact for 0.06  s?

(a) Assign the initial direction of the car as positive.

m = 1200  kg, u = 15  m  s−1, v = 0  m  s−1, ∆t = 0.06  s

∆p = mv – mu

 = m (v – u)

 = 1200  kg (0 – 15)  m  s−1

 = 1200 × –15 kg  m  s–1

 = –1.8 × 104 kg  m  s–1

 The change in momentum is 1.8 × 104  kg  m  s–1 in a direction  opposite to 
the original direction of the car.

(b) Impulse on the car = change in momentum of the car

 = –1.8 × 104  kg  m  s–1

 The impulse on the car is 1.8 × 104  N  s in a direction opposite to the orig
inal direction of the car.

(c) Magnitude of impulse = F∆t

⇒ 1.8 × 104  N  s = F × 0.06  s

 ⇒ F = 
10  N

0.06 s

41.8 ×

       = 3.0 × 105  N

Impulse is the product of a force 
and the time interval over which it 
acts. Impulse is a vector quantity 
with SI units of N s.

Solution:
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49CHAPtER 2 Collisions and other interactions

(d) In this case, v = –3.0  m  s–1.

Impulse = m∆v

 = 1200 kg (–3 – 15) m  s−1

 = 1200 × –18  kg  m  s–1

 = –2.16 × 104  N  s

⇒ 2.16 × 104  N  s = F∆t 

⇒ 2.16 × 104  N  s = F × 0.06 s

 ⇒ F = 
2.16 10  N

0.06 s

4×

 = 3.6 × 105  N

Revision question 2.1

A dodgem car of mass 200  kg strikes a barrier head-on at a speed of 8.0  m  s−1 due 
west and rebounds in the opposite direction with a speed of 2.0  m  s–1.
(a) What is the impulse delivered to the dodgem car?
(b) If the dodgem car is in contact with the barrier for 0.8  s, what force does the 

barrier apply to the car?
(c) What force does the car apply to the barrier?

impulse from a graph
The force that was determined in sample problem 1.6 was actually the average 
force on the car. In fact, the force acting on the car is not constant. The impulse 
delivered by a changing force is given by:

impulse = Fav∆t.

If a graph of force versus time is plotted, the impulse can be deter mined 
from the area under the graph.

Sample problem 2.2

The graph below describes the changing horizontal force on a 40 kg 
rollerskater as she begins to move from rest. Estimate her speed after 
2.0 seconds.
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Unit 3 50

The magnitude of the impulse on the skater can be determined by calcu lating 
the area under the graph. This can be determined by either counting squares 
or by finding the shaded area.

Magnitude of impulse = area A + area B + area C

 = (
2

1 × 1.1 × 400 + 0.9 × 200 + 
2

1
 × 0.9 × 200)  N  s 

 = (220 + 180 + 90)  N  s

 = 490  N  s

Magnitude of impulse = magnitude of change in momentum = m∆v

 ⇒ 490  N  s = 40  kg × ∆v

 ⇒ ∆v = 
490 N s

40 kg

 = 12  m  s−1

 As her initial speed is zero (she started from rest), her speed after  
2.0 seconds is 12  m  s−1.

Revision question 2.2

Estimate the speed of the rollerskater in sample problem 2.2 after 1.0  s.

Momentum and impulse 
When two or more objects collide, the change in the motion of each object 
can be described by Newton’s Second Law of Motion. By expressing Newton’s 

second law in the form Fnet = p
t

∆
∆

, it is possible to examine the effect of col
lisions on the human body.

When a car collides with an ‘immovable’ object like a large tree, its change 
in momentum is fixed. It is determined by the mass of the car and its initial 
velocity at the instant of impact. The final momentum is zero. Since the 
impulse is equal to the change in momentum, the impulse Fnet ∆t is also fixed. 
By designing the car so that ∆t is as large as possible, the magnitude of the net 
force on the car (and hence its deceleration) can be reduced. The decrease in 
the deceleration of the car makes it safer for the occupants.

Airbags, collapsible steering wheels and padded dashboards are all designed 
to increase the time interval during which the momentum of a human body 
changes during a collision.

The polystyrene liner of bicycle helmets is designed to crush during a col
lision. This increases the time interval during which the skull accelerates (or 
decelerates) during a collision, decreasing the average net force applied to the 
skull.

Conservation of momentum
Newton’s Second Law of Motion can be applied to the system of two objects 

just as it can be applied to each object. By applying the formula Fnet = 
p
t

∆
∆

 to a 

system of one or more objects, another expression of Newton’s second law can 
be written: if the net force acting on a system is zero, the total momentum of the 
system does not change.

Solution:

Cars are designed to crumple 
in collisions. This increases 
the time interval over which 
the momentum changes. The 
magnitude of the net force on 
the car, and its subsequent 
deceleration, is decreased, 
making it safer for the 
occupants.

Bicycle helmets: Newton’s 
second law provides an 
explanation for their life-saving 
function.

This statement is an expression of the Law of Conservation of Momentum. It 
is also expressed as: if there are no external forces acting on a system, the total 
momentum of the system remains constant.

A system on which no external forces act is called an isolated system. In 
practice, collisions at the surface of Earth do not take place within isolated 
systems. For example, a system comprising two cars that collide is not isolated 
because forces are applied to the cars by objects outside the system. Road fric
tion and the gravitational pull of Earth are two examples of external forces on 
this system.

However, if the cars collide on an icy, horizontal road, the collision can be 
considered to take place in an isolated system. The sum of external forces 
(including the force of gravity and the normal reaction force) acting on the 
system of the cars would be negligible compared with the forces that each car 
applies to the other. A system comprising a car and a tree struck by the car could 
not be considered to be an isolated system because Earth exerts a large external 
force on the tree in the opposite direction to that applied to the tree by the car.

Modelling a collision
Consider the system of the two blocks labelled A and B in the figure below. 
The blocks are on a smooth horizontal surface. The system can be treated as 
isolated because the gravitational force and normal reaction force on each 
of the blocks have no effect on their horizontal motion. Because the sur
face is described as smooth, the frictional force can be assumed to be neg
ligible. The net force on the system is zero. Therefore, the total momentum 
of the system remains constant. The momentum of the centre of mass of 
the system also remains constant. However, the momentum of each of the 
blocks changes during the collision because each block has a nonzero net 
force acting on it.

The net force on this system of two blocks is zero. Its total momentum therefore 
remains constant.

before the collision

during the collision

after the collision

pA

FA FB

pB

A
B

pA + pB

pAB

A

B

A
B

The force exerted on block A by block B (Fon A by B) during the collision is 
equal in magnitude and opposite in direction to the force exerted on block B 

An isolated system is one on 
which no external forces act. The 
only forces acting on objects in the 
system are those applied by other 
objects in the system.
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51CHAPtER 2 Collisions and other interactions

This statement is an expression of the Law of Conservation of Momentum. It 
is also expressed as: if there are no external forces acting on a system, the total 
momentum of the system remains constant.

A system on which no external forces act is called an isolated system. In 
practice, collisions at the surface of Earth do not take place within isolated 
systems. For example, a system comprising two cars that collide is not isolated 
because forces are applied to the cars by objects outside the system. Road fric
tion and the gravitational pull of Earth are two examples of external forces on 
this system.

However, if the cars collide on an icy, horizontal road, the collision can be 
considered to take place in an isolated system. The sum of external forces 
(including the force of gravity and the normal reaction force) acting on the 
system of the cars would be negligible compared with the forces that each car 
applies to the other. A system comprising a car and a tree struck by the car could 
not be considered to be an isolated system because Earth exerts a large external 
force on the tree in the opposite direction to that applied to the tree by the car.

Modelling a collision
Consider the system of the two blocks labelled A and B in the figure below. 
The blocks are on a smooth horizontal surface. The system can be treated as 
isolated because the gravitational force and normal reaction force on each 
of the blocks have no effect on their horizontal motion. Because the sur
face is described as smooth, the frictional force can be assumed to be neg
ligible. The net force on the system is zero. Therefore, the total momentum 
of the system remains constant. The momentum of the centre of mass of 
the system also remains constant. However, the momentum of each of the 
blocks changes during the collision because each block has a nonzero net 
force acting on it.

The net force on this system of two blocks is zero. Its total momentum therefore 
remains constant.

before the collision

during the collision

after the collision
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A
B

pA + pB

pAB
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A
B

The force exerted on block A by block B (Fon A by B) during the collision is 
equal in magnitude and opposite in direction to the force exerted on block B 

An isolated system is one on 
which no external forces act. The 
only forces acting on objects in the 
system are those applied by other 
objects in the system.
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Unit 3 52

by block A (Fon B by A). Therefore the change in momentum of block A (∆pA) is 
equal and opposite to the change in momentum of block B (∆pB). That is:

 Fon A by B = –Fon B by A

⇒ Fon A by B ∆t = –Fon B by A ∆t

where
∆t = time duration of interaction

 ⇒ ∆pA = –∆pB

⇒ ∆pA + ∆pB = 0

This result should be no surprise as, in order for the total momentum of 
the system consisting of the two blocks to be constant, the total change in 
momentum must be zero.

The interaction between blocks 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 momentum of the centre of mass of the system remains constant.
•	 The force that block A exerts on block B is equal and opposite to the force 

that block B exerts on block A.
•	 The change in momentum of block A is equal and opposite to the change in 

momentum of block B.

Sample problem 2.3

A 1500 kg car travelling at 12 m s–1 on an icy road collides with a 1200 kg car 
travelling at the same speed, but in the opposite direction. The cars lock 
together after impact.
(a) What is the momentum of each car before the collision?
(b) What is the total momentum before the collision?
(c) What is the total momentum after the collision?
(d) With what speed is the tangled wreck moving immediately after the 

collision?

m = 1500 kg m = 1200 kg

before collision

12 m s−1 12 m s−1

m = 2700 kg

after collision

v = ?

(e) What is the impulse on the 1200  kg car?
(f) What is the impulse on the 1500  kg car?
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53CHAPtER 2 Collisions and other interactions

(a) Assign the direction in which the first car is moving as positive.

1500  kg car: m = 1500  kg, v = 12  m  s−1

 p = mv

 = 1500  kg × 12  m  s−1

 = 18  000  kg  m  s−1

1200  kg car: m = 1200  kg, v = –12  m  s−1

 p = mv

 = 1200  kg × –12  m  s−1

 = –14  400  kg  m  s−1

(b) Momentum: pi = 18  000  kg  m  s−1 – 14  400  kg  m  s−1

 = 3600  kg  m  s−1

(c) The description of the road suggests that friction is insignificant. It can be 
assumed that there are no external forces acting on the system.

⇒ pf = pi

 = 3600  kg  m  s–1

(d) The tangled wreck can be considered as a single mass of 2700  kg.

 m = 2700  kg, pf = 3600 kg  m  s−1, v = ?

 pf = mv

⇒ 2700  kg v = 3600  kg  m  s−1

 v =  1.3 m  s–1 in the direction of the initial velocity of the  
first car

(e) The impulse on the 1200  kg car is equal to its change in momentum.

∆p = pf – pi

 = 1200  kg × 1.33  m  s−1 – (–14  400  kg  m  s−1)

 =  1600  kg  m  s−1 + 14  400  kg  m  s−1 (pf expressed to 2 significant 
figures)

 = 16  000  N s in the direction of motion of the tangled wreck.

(f) The impulse on the 1500  kg car is equal to the impulse on the 1200  kg  
car. This can be verified by calculating the change in momentum of the 
1500  kg car.

∆p = pf – pi

 = 1500  kg × 1.33  m  s−1 – (18  000  kg  m  s−1)

 =  2000  kg  m  s−1 – 18  000  kg  m  s−1 (pf expressed to 2 significant 
figures)

 = –16  000  kg  m  s−1

 = 16  000  Ns in the direction opposite that of the 1200  kg car.

Solution:
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Unit 3 54

Revision question 2.3

A 1000  kg car travelling north at 30  m  s−1 (108  km  h–1) collides with a stationary 
delivery van of mass 2000  kg on an icy road. The two vehicles lock together after 
impact.
(a) What is the velocity of the tangled wreck immediately after the collision?
(b) What is the impulse on the delivery van?
(c) What is the impulse on the speeding car?
(d) After the collision, if — instead of locking together — the delivery van moved 

forward separately at a speed of 12  m  s−1, what velocity would the car have?

AS A MATTeR Of fACT

Can you feel the Earth move when you bounce a basketball on the court? 
If the Earth and your basketball were an isolated system, the Earth would 
move! Its change in speed can be calculated by applying the Law of Con
servation of Momentum.

The mass of the Earth is 6.0 × 1024  kg. If the mass of a basketball is 600  g 
and it strikes the ground with a velocity of 12  m  s−1 downwards, estimate 
the velocity of the Earth after impact.

Work in energy transfers and 
transformations
Energy can be transferred from one object to another as a result of a tempera
ture difference (heating or cooling), by electromagnetic and nuclear radiation, 
or by the action of a force.

When you serve in a game of tennis, energy is transferred from the tennis 
racquet to the tennis ball. The energy is transferred to the tennis ball by the 
force applied to it by the tennis racquet. Energy can also be transformed from 
one form into another by the action of a force. For example, as a dropped 
tennis ball falls to the ground, gravitational potential energy is transformed 
into kinetic energy. The transformation of the energy possessed by the ball 
from one form into another is caused by the gravitational force acting on the 
tennis ball.

ReMeMbeR ThiS

Kinetic energy is the energy associated with the movement of an object. 
The kinetic energy Ek of an object of mass m and speed v is expressed as:

Ek = 1

2
mv 2.

Strain potential energy, also known as elastic potential energy, is 
energy that can be stored in an object by changing its shape. Com
pressing, stretching, bending or twisting objects can increase their strain 
potential energy. Strain potential energy can be transformed into other 
forms of energy by allowing the object to resume its natural shape.

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. The gravitational potential energy of an object 
increases as it moves away from the object to which it is attracted and 
decreases as it moves towards an object to which it is attracted.

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

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

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.
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55CHAPtER 2 Collisions and other interactions

Getting down to work
The amount of energy transferred to or from another object or transformed to 
or from another form by the action of a force is called work.

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

work =  magnitude of the force  
× 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 causes a displacement of 1 metre 
in the same direction of the force.

The work done on an object of mass m by the net force acting on it is given by:

W = Fnet s

  = mas
where
s = the magnitude of the object’s displacement.

But s can be expressed as 
v u

a

( )

2

2 2−
because v 2 = u2 + 2as,

where
a = acceleration
v = final velocity
u = initial velocity.

Thus W = 
ma v u

a

)

2

2 2( −

 = 
1

2
 mv 2 – 

1

2
 mu2

 = ∆Ek.

In other words, the work done on an object by the net force is equal to the 
change in kinetic energy of the object.

If the initial kinetic energy of the object is zero, the work done by the net 
force is equal to the final kinetic energy. If work is done to stop an object, the 
work done is equal to the initial kinetic energy.

Sample problem 2.4

A car of mass 600  kg travelling at 12  m  s−1 collides with a concrete wall and 
comes to a complete stop over a distance of 30  cm. Assume that the frictional 
forces acting on the car are negligible. 
(a) How much work was done by the concrete wall to stop the car?
(b) What was the magnitude of net force acting on the car as it came to a halt?

(a) The net force on the car is equal to the force applied by the wall. The work 
done by the wall, W, is given by:

W = ∆Ek

 = 
1

2
mv 2

 = 1

2
× 600  kg × (12  m  s−1)2

 = 4.32 × 104  J

 The work done by the wall was 4.3 × 104  J.

Work is the energy transferred 
to or from another object by the 
action of a force. Work is a scalar 
quantity.
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(b) The magnitude is determined by:

 W = Fav s

4.32 × 104  J = Fnet × 0.30  m (Fav = Fnet in this case)

 Fnet = 1.44 × 105  N

 The magnitude of net force was 1.4 × 105  N.

Revision question 2.4

A car travelling at 15  m  s−1 brakes heavily before colliding with another vehicle. 
The total mass of the car is 800  kg. The car skids for a distance of 20  m before 
making contact with the other vehicle at a speed of 5  m  s−1.
(a) How much work is done on the car by road friction during braking?
(b) Calculate the average road friction during braking.

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

W = Fav s

where
Fav = the average force.

It can be determined by calculating the area under a graph of force versus 
 displacement in the direction of the force.

Gravitational potential energy
When you drop an object, the gravitational force does work on it, transforming 
gravitational potential energy to kinetic energy as it falls. When you lift an 
object, you do work on the object to increase its gravitational potential energy. 
(Energy is transferred from your body to the object.)

A quantitative definition of gravitational potential energy can be stated by 
determining how much work is done in lifting an object of mass m through a 
height ∆h. In order to lift an object without changing its kinetic energy, a force 
F equal to the weight of the object is needed. The work done is:

     W = F s

       = mg∆h

⇒ ∆Eg = mg∆h

where
∆Eg = change in gravitational potential energy.

This formula provides a way of calculating changes in gravitational potential 
energy. If the gravitational potential energy of an object is defined to be 
a 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.

   ∆Eg = mg∆h

⇒ Eg – 0 = mg (h – 0)

      ⇒ Eg = 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.
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57CHAPtER 2 Collisions and other interactions

It is important to remember that the change in gravitational potential energy 
as a result of a particular change in height is independent of the path taken. 
The change in gravitational potential energy of the diver in the next figure is 
the same whether she falls from rest, jumps upwards first or completes a com
plicated dive with twists and somersaults.

∆h ∆h

The change in gravitational potential energy of the diver is independent of the 
path taken.

Because a change in gravitational potential energy is equal to the work done 
on an object by, or against, the gravitational force, it can be found by calcu
lating the area under a graph of force versus height.

ReMeMbeR ThiS

The quantity g is known as the gravitational field strength (sometimes just 
referred to as gravitational field). 

The change in gravitational potential energy of an object can also be 
determined by calculating the area under a graph of gravitational field 
strength versus height (equal to gΔh) and multiplied by its mass.
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Sample problem 2.5

A water slide has a drop of 9.0  m. A child of mass 35  kg sits at the top. 
(a) What is the child’s gravitational potential energy?
(b) How fast will the child be travelling when they hit the water? Ignore any 

frictional losses.

(a) ΔEg = mgΔh

 = 35  kg × 9.8  m  s–2 × 9.0  m

 = 3100  J

(b) ∆mv mg h
1

2
=2 , so = ∆v g h22 .

 
v 2 9.8 m s 9.0 m2= × ×−

 = 13  m  s–1

Revision question 2.5

The maximum height of a roller coaster ride is 30  m above the ground. The 
lowest height of the ride is 5.0  m.
(a) What is the change in gravitational potential energy of a 60  kg passenger?
(b) If the passenger was travelling at 0.5  m  s–1 at the top, what would be their 

maximum speed at the lowest point?

Strain potential energy and springs
The energy stored in an object by changing its length or shape is usually called 
strain potential energy if the object can return naturally to its original shape. 
Work must be done on an object by a force in order to store energy as 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 compress the sole of a running shoe, the harder it is to compress it 
further.

The strain potential energy of an object can be determined by calculating 
the amount of work done on it by the force. The work can also be determined 
by calculating the area under a graph of force versus displacement. In the case 
of a simple spring, rubber band or running shoe, the gain in strain potential 
energy can be calculated by determining the area under a graph of force versus 
extension or force versus compression.

When an object loses strain potential energy, it can do work on other 
objects. The amount of work done by the object (and hence the change 
in potential energy) is equal to the area under a graph of force versus 
compression.

When you close the lid of a jackinthebox, you do work on the spring to 
increase its strain potential energy, transferring energy from your body to the 
spring. The spring does work on the ‘jack’ when the lid is opened, transforming 
strain potential energy into kinetic energy. 

Sample problem 2.6

The graph on page 59 shows how the force required to compress a jackin
thebox spring changes as the compression of the spring increases.

Solution:

A jack-in-the-box. When 
the lid opens, the spring 
does work on the ‘jack’, 
transforming strain potential 
energy into kinetic energy.
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59CHAPtER 2 Collisions and other interactions

How much energy is stored in the spring when it is compressed by 25  cm?

Compression (cm)
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The energy stored in the spring is equal to the amount of work done on it.

W = area under graph

 = area A + area B + area C

 = ( 1

2
 × 0.15  m × 15  N) + (0.10  m × 15  N) + (1

2
 × 0.10  m × 5.0  N)

 = 1.125  J + 1.5  J + 0.25  J

 = 2.9  J

Revision question 2.6

If the length of the spring represented by the graph above is 35  cm:
(a) how much strain potential energy is stored in it when its length is 15  cm?
(b) what is the length of the spring when 0.50  J of strain potential energy is 

stored in it due to compression? (This question is a little harder.)

Hooke’s Law springs to mind
Robert Hooke (1635 –1703) investigated the behaviour of elastic springs and 
found that the restoring force exerted by the spring was directly proportional 
to its displacement. The force is called a restoring force because it acts in a 
direction that would restore the spring to its natural length.

In vector notation, Hooke’s Law states:

F = −kΔx

where
F = restoring force
Δx = displacement of the end of the spring from its natural position
k = spring constant (also known as force constant).

The negative sign is necessary because the restoring force is always in the 
opposite direction to the displacement.

It is usually more convenient to express Hooke’s Law in terms of magnitude 
so that the negative sign is not necessary. That is:

F = kΔx

where
F = magnitude of the restoring force
Δx = compression or extension of the spring
k = spring constant.

Solution:

The restoring force applied by 
a spring is the force it applies to 
resist compression or extension.
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Some important points to remember about Hooke’s Law are listed below.
•	 Hooke’s Law applies to springs within certain limits. If a spring is compressed 

or extended so much that it is permanently deformed — unable to return to 
its original natural length — Hooke’s Law no longer applies. 

•	 The magnitude of the restoring force is equal to the force that is compressing 
or extending the spring (Newton’s third law).

•	 The measure Δx is not the length of the spring. Rather, it is a measure of its 
compression or extension — the change in length of the spring.

•	 The spring constant has SI units of N  m−1.
•	 A graph of F versus Δx produces a straight line with a gradient of k.

The strain potential energy of a spring that obeys Hooke’s Law can be 
expressed as:

strain potential energy = 
1

2
k(Δx)2.

This can be verified by calculating the work done in extending the spring 
described in the figure at left. This is done by calculating the area under the 
graph of force versus extension.

Strain potential energy = work done on spring

 = area under graph

 = 
1

2
 × Δx × kΔx

 = 
1

2
k(Δx )2

Sample problem 2.7

The graph below left describes the behaviour of two springs that obey Hooke’s 
Law. Both springs are extended by 20  cm.
(a) What is the spring constant of spring A?
(b) Which spring has the greatest spring constant?
(c) What is the strain potential energy of spring B?

(a) The spring constant k is equal to the gradient of the graph.

⇒ k = 
40 N

0.20 m

 = 200  N  m−1

(b) The gradient of the graph for spring A is greater than that for spring B. 
Therefore, spring A has a greater spring constant than spring B — in fact, it 
is twice as great.

(c) Since the spring obeys Hooke’s Law, the strain potential energy of spring B 
can be calculated using the formula:

strain potential energy = 
1

2
k(Δx)2

 k = gradient

 = 
20 N

0.20 m

 = 100  N  m−1

strain potential energy = 1

2
 × 100  N  m−1 × (0.20  m)2

 = 2.0 J.

Extension
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F  =  kΔx

The strain potential energy of 
a spring is equal to the area 
under the graph. If the spring 
obeys Hooke’s Law, strain 

potential energy = 1
2

 k(Δx)2.
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Solution:
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Revision question 2.7

(a) What is the spring constant of spring B, described in sample problem 2.4?
(b) How much strain potential energy is stored in spring A when it is extended 

by 20  cm?

Sample problem 2.8

A toy car 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 car is released, what will its speed be at the instant that the spring 
returns to its natural length? Assume that there is no friction within the spring 
and no frictional force resisting the motion of the toy car.

The strain potential energy stored in the spring equals 
1

2
k(Δx)2.

strain potential energy gained = 
1

2
k(Δx)2

 = 
1

2
 × 50  N  m−1 × (0.10  m)2

 = 0.25  J

 ⇒ 
1

2
mv 2 = 0.25  J

 
1

2
 × 0.50  kg × v 2 = 0.25  J

 v 2 = 
0.25 J

1
2

0.50 kg×

 v = 1.0  m  s−1

The speed of the toy car is 1.0  m  s−1.

Revision question 2.8

A model car of mass 0.40  kg travels along a frictionless horizontal surface at a 
speed of 0.80  m  s–1. It collides with the free end of a spring that obeys Hooke’s 
Law. The spring constant is 100  N  m–1.
(a) How much strain potential energy is stored in the spring when the car 

comes to a stop?
(b) What is the maximum compression of the spring?

Elastic and inelastic collisions
When two objects collide, the total energy of the system, which includes the 
two objects and the surroundings (the air and ground), is conserved. However, 
the total energy of the two objects is not conserved, because when they make 
contact some of their energy is transferred to the surroundings.

Energy cannot be created or destroyed. It can only be converted from one 
form into another. This is the Law of Conservation of Energy. During most 
energy transformations, some energy is degraded into less useful forms, 
heating the surroundings and causing noise. If air resistance and other types 
of friction are small, the amount of energy degraded can be considered 
negligible.

Solution:

Digital doc
Investigation 2.2 
The properties of a coil spring
doc-18536
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61CHAPtER 2 Collisions and other interactions

Revision question 2.7

(a) What is the spring constant of spring B, described in sample problem 2.4?
(b) How much strain potential energy is stored in spring A when it is extended 

by 20  cm?

Sample problem 2.8

A toy car 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 car is released, what will its speed be at the instant that the spring 
returns to its natural length? Assume that there is no friction within the spring 
and no frictional force resisting the motion of the toy car.

The strain potential energy stored in the spring equals 
1

2
k(Δx)2.

strain potential energy gained = 
1

2
k(Δx)2

 = 
1

2
 × 50  N  m−1 × (0.10  m)2

 = 0.25  J

 ⇒ 
1

2
mv 2 = 0.25  J

 
1

2
 × 0.50  kg × v 2 = 0.25  J

 v 2 = 
0.25 J

1
2

0.50 kg×

 v = 1.0  m  s−1

The speed of the toy car is 1.0  m  s−1.

Revision question 2.8

A model car of mass 0.40  kg travels along a frictionless horizontal surface at a 
speed of 0.80  m  s–1. It collides with the free end of a spring that obeys Hooke’s 
Law. The spring constant is 100  N  m–1.
(a) How much strain potential energy is stored in the spring when the car 

comes to a stop?
(b) What is the maximum compression of the spring?

Elastic and inelastic collisions
When two objects collide, the total energy of the system, which includes the 
two objects and the surroundings (the air and ground), is conserved. However, 
the total energy of the two objects is not conserved, because when they make 
contact some of their energy is transferred to the surroundings.

Energy cannot be created or destroyed. It can only be converted from one 
form into another. This is the Law of Conservation of Energy. During most 
energy transformations, some energy is degraded into less useful forms, 
heating the surroundings and causing noise. If air resistance and other types 
of friction are small, the amount of energy degraded can be considered 
negligible.

Solution:

Digital doc
Investigation 2.2 
The properties of a coil spring
doc-18536

Unit 3 Conservation of 
energy
Summary screen 
and practice 
questions

AOS 3

Topic 2

Concept 7

UNCORRECTED P
AGE P

ROOFS



Unit 3 62

A tale of two collisions
The Law of Conservation of Momentum states: when a collision between two 
objects occurs, the total momentum of the two objects remains constant.

This statement is valid as long as the two objects comprise an isolated system; 
that is, as long as there are no external forces acting on each of the objects.

4 8

before

after

before

after

84

Two collisions — momentum is conserved in both of them.

Consider the differences between the two collisions shown in the diagram 
above: a collision between two billiard balls on a smooth, level billiard table, 
and a headon collision between two cars travelling in opposite directions on 
a level, icy road.

The two billiard balls can be considered to be an isolated system. The total 
momentum of the two billiard balls immediately after the collision is the same 
as it was immediately before the collision. (It is also the same during the col
lision. Momentum, unlike energy, cannot be stored.) The two cars can also be 
considered to be an isolated system, because the frictional forces on the cars 
are relatively small. Therefore, the total momentum of the cars immediately 
after the collision is the same as it was immediately before the collision.

What’s the difference?
Apart from the difference between the masses of the objects involved in the 
collisions, there is one obvious difference.
•	 The collision between the two billiard balls is an almost perfect elastic 

collision. An elastic collision is one in which the total kinetic energy after 
the collision is the same as it was before the collision. The sound made 
when the balls collide provides evidence that the collision is not quite 
perfectly elastic. Some of the initial kinetic energy of the system is trans
ferred to particles in the surrounding air (and within the balls themselves). 

interactivity
Colliding dodgems
int-6610
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63CHAPtER 2 Collisions and other interactions

However, when making predictions about the outcome of such a collision, 
it would be quite reasonable to treat the collision as a perfectly elastic one. 
In fact, a perfectly elastic ‘collision’ can only take place if the interacting 
objects do not actually make contact with each other. A perfectly elastic 
interaction can take place when two electrons move towards each other in 
a vacuum.

•	 The collision between the two cars is an inelastic collision. Even though 
momentum is conserved, the total kinetic energy of the cars after the collision 
is considerably less than it was before the collision. A significant proportion 
of the initial kinetic energy of the system is transferred to the bodies of both 
cars, changing their shapes and heating them. Some of the initial kinetic 
energy is also transformed to sound energy.

Energy transformations in collisions
Whether or not a collision is elastic depends on what happens to the colliding 
objects during the collision. When two objects collide, each of the objects is 
deformed. Each object applies a force on the other (in fact, the forces are equal 
and opposite!). The size of the applied force increases as the deformation 
increases (just like a compressed spring). If each object behaves elastically, all 
of the energy stored as strain potential energy during deformation is returned 
to the other object as kinetic energy. The collision is therefore elastic.

In the collision between the two billiard balls discussed above, the work 
done on each billiard ball as it returns to its original shape is almost as much as 
the work done during deformation. Therefore, almost all of the strain potential 
energy stored in each ball while they are in contact with each other is returned 
as kinetic energy.

The graph (below left) shows that in an elastic collision the work done 
on an object during deformation (the area under the force versus defor
mation graph) is equal to the work the object does on the other object as it 
returns to its original straight. The graph (below right) illustrates a collision 
between an electron and second electron. The work done to slow down the 
approaching electron is the same as the work done to increase its speed 
during separation.

A graph of force versus 
deformation for an object 
involved in an elastic collision
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A graph of force versus 
separation for an electron 
approaching another electron
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The graph on page 64 illustrates that even though the total kinetic energy 
and total strain potential energy change during an elastic collision, the sum of 
the kinetic energy and strain potential energy is constant. In an inelastic col
lision the sum of the kinetic energy and strain potential energy decreases 
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because energy is lost from the system of objects as heat, permanent deforma
tion of the objects and sound.

Energy transformations during an elastic collision
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Crumple zones
The crumple zones at the front and rear of cars are designed to reduce 
injuries by ensuring that the collisions are not elastic. Between the 
crumple zones is the more rigid passenger ‘cell’, designed to protect occu
pants from the intrusion of the engine or other solid objects that would 
injure or even kill them.

Crumple zones at the front and rear of cars absorb energy and reduce the 
magnitude of acceleration during an accident.

In the previous section on momentum, an analysis using Newton’s 
Second Law of Motion reveals that the acceleration of the occupants 
is decreased because the time during which the velocity changes is 
increased if the car is designed to crumple.
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65CHAPtER 2 Collisions and other interactions

The reason that crumple zones work can be also understood by analysing 
a collision in terms of energy transformations. When a car collides with a 
rigid object, the object does work on the car, transforming its kinetic energy 
into other forms of energy and transferring some of this energy to the sur
roundings. A lot of the kinetic energy of the car is used to heat the body of 
the car and the surrounding air. Without the crumple zone, the distance 
over which the force acts would be less and the cars would be more inclined 
to rebound. The result would be a greater acceler ation (in magnitude) of 
occupants, and therefore a greater chance of serious injury or death.

The effectiveness of gloves in baseball and cricket can also be analysed 
in terms of energy. Like the crumple zones of cars, they are designed to 
ensure that collisions are inelastic.

Sample problem 2.9

A white car of mass 800 kg is driven along a slippery straight road with a speed 
of 20  m  s−1 (72  km  h−1). It collides with a stationary blue car of mass 700  kg. 
During the collision the blue car is pushed forwards with a speed of 12  m  s−1. 
(a) What is the speed of the white car after the collision? 
(b) Show that the collision is not elastic.

(a) Assign the direction in which the white car is moving as positive. Assume 
that friction in this case is negligible. Therefore momentum is conserved.

The initial momentum of the system, pi, is given by:

pwhite + pblue = 800  kg × 20  m  s−1 + 0  kg  m  s−1

 = 16  000  kg  m  s−1. 

The final momentum of the system, pf, is given by:

pwhite + pblue = 800  kg × vwhite + 700  kg × 12  m  s−1

 = 800  kg × vwhite + 8400  kg  m  s−1

where
vwhite = velocity of the white car after the collision.

But since pf = pi:

800  kg × vwhite + 8400  kg  m  s−1 = 16  000  kg  m  s−1

 ⇒ 800  kg × vwhite = 7600  kg  m  s−1

 ⇒ vwhite = 9.5  m  s−1

 The speed of the white car after the collision is 9.5  m  s−1.

(b) If the collision is elastic, the total kinetic energy after the collision will be 
the same as the total kinetic energy before the collision. 

 Total kinetic energy before the collision is given by: 

1

2
 × 800  kg × (20  m  s−1)2 + 0 = 160  000  J.

 Total kinetic energy after the collision is given by:

1

2
 × 800  kg × (9.5  m  s−1)2 + 

1

2
 × 700  kg × (12  m  s−1)2 = 86  500  J.

 Kinetic energy is not conserved. The collision is not elastic.

Solution:
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Revision question 2.9

(a) A green dodgem car of mass 400  kg has a head-on collision with a red 
dodgem car of mass 300  kg. Both dodgem cars were travelling at a speed 
of 2.0  m  s–1 before the collision. What is the rebound speed of the green 
dodgem car if the red dodgem car rebounds at a speed of:

  (i) 1.0  m  s–1

(ii) 2.0  m  s–1?
(b) Are either of the collisions in part (a) elastic? If so, which one?

AS A MATTeR Of fACT

Most deaths and injuries in car crashes are caused by collisions between 
occupants and the interior of the car. Driver airbags are designed to 
reduce the injuries caused by impact with the steering wheel. They 
should inflate only in headon collisions.

Testing airbags

Airbags inflate when the crash sensors in the car detect a large decelera
tion. When the sensors are activated, an electric current is used to ignite a 
chemical called sodium azide (NaN3). The sodium azide stored in a metal 
container at the opening of the airbag burns rapidly, producing sodium 
compounds and nitrogen gas. The reaction is explosive, causing a noise 
like the sound of gunfire. The nitrogen gas inflates the airbag to a volume 
of about 45  L in only 30  ms. When the driver’s head makes contact with 
the airbag, the airbag deflates as the nitrogen gas escapes through vents 
in the bag. The dust produced when an airbag is activated is a mixture of 
the talcum powder used to lubricate the bags and the sodium compounds 
produced by the chemical reaction. Deflation must be rapid enough to 
allow the driver to see ahead after the accident. The collision of the driver 
with the airbag is inelastic. Most of the kinetic energy of the driver’s body 
is transferred to the nitrogen gas as the kinetic energy of its molecules.
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Chapter review
Unit 3 Work and energy

Momentum and 
collisions

Sit Topic test

AOS 3

Topics 2 & 3

Summary
 ■ Impulse is the product of a force and the time interval 

over which it acts. Impulse is a vector quantity with 
SI units of N s.

 ■ The change in momentum of an object is equal to the 
impulse of the net force acting on it.

 ■ The impulse delivered to an object by a force can 
be determined from the area under the graph of the 
force versus time.

 ■ If there are no external forces acting on a system, the 
total momentum of the system remains constant. 
This statement is an expression of the Law of Conser
vation of Momentum. 

 ■ The Law of Conservation of Momentum can be 
applied to collisions between two objects moving 
along a straight line, as long as external forces such 
as friction are negligible. 

 ■ When two objects collide, the impulse applied to the 
first object by the second object is equal and oppo
site in direction to the impulse applied to the second 
object by the first object.

 ■ The amount of energy transferred to or from another 
object, or transformed to or from another form, by 
the action of a force is called work.

 ■ The work done on an object by the net force is equal 
to the object’s change in kinetic energy.

 ■ A change in gravitational potential energy is equal to 
the work done by or against a gravitational force and 
is equal to mgΔh. It can also be determined by calcu
lating the area under a graph of force versus height.

 ■ The work done when a force causes a displacement 
along the line of action of the force is equal to the product  
of the magnitude of the force and the displacement.

 ■ Strain potential energy is the energy stored in an 
object as a result of a reversible change in shape.

 ■ When an elastic spring is compressed or extended, 
the spring applies a restoring force in a direction 
that would restore the spring to its natural length. 
The restoring force F is related to the displacement 
of the spring from its natural length by the equation 
F = −kΔx, where k is the spring constant and Δx is the 
displacement from the spring’s natural length. This 
equation is an expression of Hooke’s Law. The strain 
potential energy stored in a spring that obeys Hooke’s 

 Law is equal to 
1

2
 k(Δx)2.

 ■ The Law of Conservation of Energy applies to col 
lisions as it applies to all interactions between objects. 
However, the total energy of the objects that collide is 
not conserved, because when the objects make contact 
some of their energy is transferred to the surroundings. 

 ■ Collisions in which the total kinetic energy of the objects 
is conserved are called elastic collisions. In elastic colli
sions, the work done on each object during deformation 
is the same as the work done as each object resumes its 
original shape. Collisions in which the total energy is 
not conserved are called inelastic collisions.

 ■ Momentum is conserved in both elastic and inelastic 
collisions as long as the external forces are negligible.

 ■ Many safety features of motor vehicles are designed 
to reduce injuries by ensuring that collisions between 
vehicles, or between vehicles and other objects, are 
not elastic.

Questions
In answering the questions on the following pages, 
assume, where relevant, that the magnitude of the 
gravitational field at Earth’s surface is 10  N  kg−1.

Momentum and impulse
 1. Describe the relationship between impulse and 

momentum in eight words or fewer.
 2. Regarding momentum, what is the fundamental 

purpose of airbags, collapsible steering wheels and 
padded dashboards in passenger vehicles?

 3. Can an object have energy but no momentum? 
Explain. Can an object have momentum, but no 
energy?

Conservation of momentum
 4. In a real collision between two cars on a bitumen 

road on a dry day, is it reasonable to assume that 
the total momentum of the two cars is conserved? 
Explain your answer.

 5. An empty railway cart of mass 500  kg is moving along 
a horizontal lowfriction track at a velocity of 3.0  m  s−1 
due south when a 250  kg load of coal is dropped into it 
from a stationary container directly above it.
(a) Calculate the velocity of the railway cart 

immediately after the load has been emptied 
into it.

(b) What happens to the vertical momentum of the 
falling coal as it lands in the railway cart?

(c) If the fully loaded railway cart is travelling along 
the track at the velocity calculated in (a) and the 
entire load of coal falls out through a large hole 
in its floor, what is the final velocity of the cart?

 6. Two iceskaters, Melita and Dean, are performing 
an ice dancing routine in which Dean (with a mass 
of 70  kg) glides smoothly at a velocity of 2.0  m s−1 
due east towards a stationary Melita (with a mass of 
50  kg), holds her around the waist and they both 
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  move off together. During the whole move, no 
significant frictional force is applied by the ice.
(a) What is Dean’s momentum before making 

contact with Melita?
(b) Where is the centre of mass of the system 

comprising Dean and Melita 3.0 s before impact?
(c) What is the velocity of the centre of mass of 

the system before impact?
(d) Calculate the common velocity of Melita and 

Dean immediately after impact.
(e) What impulse is applied to Melita during the 

collision?
 7. A car of mass 1500  kg travelling due west at a speed of 

20  m  s−1 on an icy road collides with a truck of mass 
2000  kg travelling at the same speed in the opposite 
direction. The vehicles lock together after impact.
(a) What is the velocity of the tangled wreck 

immediately after the collision?
(b) Use your answer to part (a) to determine what 

impulse is applied to the truck during the 
collision.

(c) Which vehicle experiences the greatest (in 
magnitude) change in velocity?

(d) Which vehicle experiences the greatest change 
in momentum?

(e) Which vehicle experiences the greatest force?
 8. Are you generally safer in a big car or a small car in 

the event of an accident? If so, what is the reason? By 
considering the questions below you might be able to 
work it out by making some estimates and applying 
Newton’s laws to each car. You might also have to 
make some assumptions in predicting the outcomes 
of such a collision. Consider the following questions.

 ■  How do the forces on each car compare?
 ■  How do the masses of the cars compare with 
each other?

 ■  What is the subsequent change in velocity of 
each car as a result of the collision?

 ■  How does your body move during a collision 
and what does it collide with?

Work in energy transfers and transformations
 9. A 900  kg car travelling at 20  m  s−1 on an icy road 

collides with a stationary truck. The car comes to 
rest over a distance of 40  cm. 
(a) What is the initial kinetic energy of the car?
(b) How much work is done by the truck to stop 

the car?
(c) What average force does the car apply to the 

truck during the collision?
 10. A rock is dropped from a height into mud and 

penetrates. If it was dropped from twice the 
height, what would be the depth of penetration 
compared to the depth from the first drop?

 11. A car travelling at 60  km  h−1 collides with a large 
tree. The front crumple zone folds, allowing the 

car to come to a complete stop over a distance 
of 70  cm. The driver, of mass 70  kg, is wearing a 
properly fitted seatbelt. As a result, the driver’s 
body comes to rest over the same distance as the 
whole car.
(a) Determine the amount of work done by the 

seatbelt in stopping the driver.
(b) What is the magnitude of the average force 

applied to the driver by the seatbelt?
(c) Estimate the magnitude of the force that 

would be exerted by the front interior of the 
car on an unrestrained driver in the same 
accident. Assume that the driver does not 
crash through the windscreen.

Gravitational potential energy
 12. Calculate the gravitational potential energy of the 

following objects.
(a) A 70  kg pole vaulter 6.0 metres above the 

ground
(b) A pile driver of mass 80  kg raised 7.0  m above 

the pile
(c) A 400  kg lift at the bottom of an 80  m mine 

shaft relative to the ground
 13. Estimate the gravitational potential energy of the 

following objects.
(a) The roller coaster in the opening image of 

chapter 1 when it is at the top of the loop, with 
reference to the bottom of the loop

(b) The high jumper in the section on projectile 
motion in chapter 1 with reference to the ground

(c) This textbook with reference to the floor
(d) A tennis ball about to be hit during a serve 

with reference to the ground
(e) A 20storey building with reference to the ground

Strain potential energy and springs
 14. The graph below describes the behaviour of three 

springs as known weights are suspended from  
one end.
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(a) What is the force applied by spring A to a 
1.0  kg mass suspended from one end?

(b) What is the spring constant of spring B?
(c) Which spring has the greatest stiffness?
(d) How much work is done by a 500  g mass on 

spring C to extend it fully?
(e) Which spring has the greatest strain energy at 

maximum extension?
 15. The ancient Egyptians relied on knowledge of the 

physics of energy transformations to build the 
Great Pyramids at Giza. They used ramps to push 
limestone blocks with an average mass of 2300  kg 
to heights of almost 150  m. The ramps were 
sloped at about 10° to the horizontal. Friction was 
reduced by pumping water onto the ramps.
(a) How much work would have to be done to lift 

an average limestone block vertically through 
a height of 150  m?

(b) How much work would have been done to 
push an average limestone block to the same 
height along a ramp inclined at 10° to the 
horizontal? Unfortunately, you will have to 
assume that friction is negligible.

 16. A weightlifter raises a barbell of mass 150  kg 
vertically through a height of 1.2  m.
(a) Sketch a graph of gravitational field strength 

versus height of the barbell.
(b) Use the graph to determine the change in 

gravitational potential energy of the barbell.
(c) How much work did the weightlifter do on the 

barbell?
 17. A crane drops a 1600  kg car from a height of 8.0  m 

onto the ground. At the same time, a cricket ball of 
mass 160  g is dropped from the same height. What 
is the value of the ratio:

(a) 
initial gravitational potential energy of car

initial gravitational potential energy of cricket ball

(b) 
landing kinetic energy of car

landing kinetic energy of cricket ball

(c) 
landing speed of car

landing speed of cricket ball

 18. Angela rides a toboggan down a slope inclined 
at 30° to the horizontal. She starts from rest and 
rides a distance of 25  m down the slope. Angela 
and her toboggan have a combined mass of 60  kg.
(a) How much work is done on Angela by the 

force of gravity?
(b) If friction is negligible, what would her speed 

be at the end of her ride?
(c) How much work is done on Angela by the 

normal reaction?
(d) In reality, the frictional force on Angela is 

not negligible. Her speed at the end of her 
ride is measured to be 7.2  m  s–1. What is the 
magnitude of the frictional force?

 19. The graph in figure (a) below shows how the 
restoring force of a spring changes as it is 
compressed. A 2.5  kg mass is pushed against 
the spring so that its length is 5.0  cm and 
then released. Friction can be assumed to be 
negligible.
(a) How much energy is stored in the spring?
(b) What will be the speed of the mass when 

the spring returns to its original length of 
20  cm?

(c) What is the spring constant of the spring?
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 20. The following graph shows how the force applied 
by the rubber bumper at the front of a 450  kg 
dodgem car changes as it is compressed during 
factory testing.
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(a) If the dodgem car collides head on with a 
solid wall at a speed of 2.0  m  s−1, what will be 
the maximum compression of the front rubber 
bumper?

(b) How much work is done on the dodgem car 
by the rubber bumper as it is compressed?

(c) If the rubber bumper obeys Hooke’s Law, with 
what speed will the dodgem car rebound from 
the wall?

Elastic and inelastic collisions
 21. Three springs, each obeying Hooke’s Law, are 

hidden in a container without a lid. Weights are 
added to the arrangement of springs and a graph 
of applied weight versus compression is drawn. 
The resulting graph is shown below.
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(a) Describe how the three springs are arranged.
(b) Determine the spring constant of the longest 

spring.
(c) What is the spring constant of the shortest 

spring?
 22. Consider a tennis ball that has been dropped 

vertically onto a hard surface.
(a) Is the collision of the falling tennis ball with 

the ground elastic?
(b) How do you know?
(c) Is momentum conserved during this collision?

 23. Consider a collision between two cars on an icy 
intersection where road friction is insignificant. 
Assume that the cars bounce off each other.
(a) How do you know without performing any 

calculations that the collision is not elastic?
(b) Is momentum conserved in such a collision?

 24. Two cars of equal mass and travelling in opposite 
directions on a wet and slippery road collide and 
lock together after impact. Neither car brakes 
before the collision. The tangled wreck moves off 
in an easterly direction at 5.0  m  s−1 immediately 

after the collision. If one car was travelling due 
west at 20  m  s−1 immediately before the collision:
(a) what was the velocity of the other car?
(b) what fraction of the initial kinetic energy was 

‘conserved’ during the collision?
 25. Two cars of equal mass and travelling in opposite 

directions with equal speeds on a wet and slippery 
road collide head on.
(a) If the vehicles lock together on impact, what 

is the speed of the tangled wreck after the 
collision?

(b) If both vehicles were fitted with rubber 
bumpers so that the collision was perfectly 
elastic, what would be the final speed of each 
vehicle if their initial speed was 60  km  h−1?

 26. A 60  kg bungeejumper falls from a bridge 50  m 
above a deep river. The length of the bungee cord 
when it is not under tension is 30  m. Calculate:
(a) the kinetic energy of the bungeejumper at the 

instant that the cord begins to stretch beyond 
its natural length

(b) the strain energy of the bungee cord at the 
instant that the tip of the jumper’s head 
touches the water. (Her head just makes 
contact with the water before she is pulled 
upward by the cord.) The height of the 
bungeejumper is 170  cm.

 27. A white billiard ball of mass 200  g moving with a 
velocity of 2.0  m  s−1 due north strikes a stationary 
red billiard ball of the same mass. The red billiard 
ball moves off with a velocity of 1.7  m  s−1 due 
north.
(a) What is the final velocity of the white billiard 

ball?
(b) What percentage of the initial kinetic energy is 

returned to the system of the two billiard balls 
after the collision?

(c) A billiard player claims that he can make the 
same stationary red ball move off with a speed 
of 2.5  m  s−1 when the same white ball strikes 
it with a speed of 2.0  m  s−1. When challenged, 
he responded that according to the Law of 
Conservation of Momentum, the white ball 
would rebound with a speed of 0.5  m  s−1.

 (i)  Show that the player’s claim is consistent 
with the Law of Conservation of 
Momentum.

 (ii)  Explain, using calculations, why the 
player’s claim is not correct — even 
though it is consistent with the Law of 
Conservation of Momentum.

 28. In an elastic collision between two objects of 
mass m1 and m2, show that the speed of approach 
(u2 − u1) is equal to the speed of separation 
(v2 + v1). The symbols u1, u2, v1 and v2 each 
represent speeds, not velocities.
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u1 u2

before m1 m2

v1 v2

after m1 m2

impulse and momentum
 29. A 200  g billiard ball strikes the side of the table  at 

right angles to its edge at a speed of 1.5  m  s−1 and 
rebounds in the opposite direc tion with a speed 
of 1.2  m  s−1. The billiard ball is in contact with the 
table for 0.10  s. Assume that the frictional force on 
the ball is negligible.
(a) What is the net force applied to the bil liard ball?
(b) What is the impulse on the billiard ball?
(c) According to Newton’s Third Law of Motion, 

the billiard ball applies a force on the edge of 
the table equal and opposite to the force that 
the edge of the table applies to the billiard ball. 
Does the table move? Explain your answer.

 30. When a bullet is fired from a rigidly held rifle, the 
force exerted by the rifle on the bullet is equal and 
opposite to the force exerted by the bullet on the rifle.
(a) Explain why the bullet accelerates while the 

rigidly held rifle does not.
(b) In most cases when a rifle is fired, the 

shooter’s shoulder moves back as the rifle 
recoils. If a 4.0  kg rifle fires a 20  g bullet with 
an initial speed of 300  m  s−1, what is the initial 
recoil speed of the rifle?

 31. The graph below shows how the net force on an 
object of mass 2.5  kg changes with time.
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(a) Calculate the change in momentum of the 
object during the first 6.0  s.

(b) If the object was initially at rest, what is its 
momentum after 12  s?

(c) Draw a graph of velocity versus time for the 
object, assuming that it was initially at rest.

 32. Use the ideas presented in this chapter to explain 
why:
(a) the dashboards of cars are padded
(b) cars are deliberately designed to crumple at 

the front and rear
(c) the compulsory wearing of bicycle helmets 

has dramatically reduced the number of 
serious head injuries in bicycle accidents.

A single answer (rather than three separate 
answers) is acceptable.

 33. A car travelling at 50  km  h−1 (14  m  s−1) collides 
with a concrete wall. The front crumple zone 
of the car folds, allowing the car to come to a 
complete halt over a distance of 50  cm. The driver 
is wearing a properly fitted seatbelt, but the front 
seat passenger is unrestrained. The head of the 
front seat passenger strikes the dashboard and 
stops over a distance of 2.5  cm. The restrained 
driver comes to rest over the same time and 
distance as the whole car. The driver and front seat 
passenger each have a mass of 70  kg.
(a) Calculate: 
 (i) the impulse on the driver
 (ii) the impulse on the front seat p assenger
 (iii)  the average acceleration of the driver 

during the car’s impact with the con crete 
wall

 (iv)  the average acceleration of the passenger’s 
head during its impact with the 
dashboard.

(b) Express your answers to (iii) and (iv) in 
the number of g s to which each person is 
subjected. The number of g s is the mul tiple of 
the magnitude of acceleration due to gravity to 
which an object is exposed.

(c) Write a paragraph explaining how seat belts 
reduce the likelihood of death or serious 
injury in the event of a frontend collision.
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