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TOPIC 6  
Momentum, energy and simple 
systems

6.1 Overview
6.1.1 Module 2 Dynamics
Momentum, energy and simple systems
Inquiry question: How is the motion of objects in a simple system dependent on the interaction 
between the objects?

Students:
 • conduct an investigation to describe and analyse one-dimensional (collinear) and two-dimensional 

interactions of objects in simple closed systems (ACSPH064)

 • quantitatively analyse and predict, using the law of conservation of momentum ( Σ mvbefore = Σ mvafter) 

and the conservation of kinetic energy (Σ  
1
2

 mu2 
before = 1

2
  Σ mv2

after), the results of interactions in 

elastic collisions (ACSPH066)

 • investigate the relationship and analyse information obtained from graphical representations of force 
as a function of time

 • evaluate the effects of forces involved in collisions and other interactions, and analyse the interac-
tions quantitatively using the concept of impulse (Δp = FΔt)

 • analyse and compare the momentum and kinetic energy of elastic and inelastic collisions 
(ACSPH066).

FIGURE 6.1 This collision is a mechanical interaction. The motion of the car is changed as a result of the 
action of a force. The change in motion depends on the size of the force and the mass of the car. However, 
it is obvious that not just the motion of the car has changed. Some of the car’s kinetic energy has been 
transferred to the object it has collided with — making it vibrate and even changing its shape. Some of the 
car’s kinetic energy has been transformed into other forms of energy — for example, sound, heat, and 
energy stored in the deformed panels. An understanding of mechanical interactions such as these can teach 
us how to design safer cars, save countless lives and reduce serious injuries.
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6.2 Momentum and impulse
6.2.1 A sporting example
When two objects collide, there is an interaction between them that arises from Newton’s Third Law of 
Motion. As the two objects come into contact, they will exert equal but opposite forces on each other. 
For example, when a golf club hits a golf ball, the club exerts a force upon the ball that accelerates the 
ball into motion. However, at the same time, the golf ball will exert an equal force back upon the golf 
club, which will cause the club to decelerate as it acts in the opposite direction.
If we look at this mathematically, we can see that:
Fball = –Fclub  [1]
where the negative sign in front of Fclub indicates that it is a force acting in the opposite direction to 
Fball .
In keeping with Newton’s Second Law, we can give the relationship between the force exerted, mass 
and acceleration for both the club and the ball as:
Fclub = mclub 

aclub [2]
Fball = mball 

aball  [3]

Substituting [2] and [3] into [1], we get:
m ball 

a ball = −m club 
a club  [4]

As a = v − u
Δt

we can further modify equation [4]:

 mball 
(vball −  uball)

Δt
= − mclub 

(vclub −  uclub)
Δt

 

As the time interval taken to accelerate the ball will be equal to the time interval taken to decelerate the 
golf club, we can cancel Δt from both sides to get:
mball(vball − uball) = −mclub(vclub − uclub)

Using the distributive law, we end up with:
mball vball − mball 

uball = −(mclub vclub − mclub 
uclub)  [5]

The product of an object’s mass and its velocity is referred to as an object’s momentum, p. Momentum 
is a vector quantity and it is measured in either newton seconds (N s) or in kilogram metres per second 
(kg m s–1).

Fclub on ball

Fball on club

FIGURE 6.2 When a golf club hits a golf ball, each will exert an equal but 
opposite force on the other.
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Equation [5] can be modified to show the relationship between the momenta of the ball and the club 
before and after their collision:
pball final − pball initial = −( pclub final − pclub initial)  [6]

or, more simply:
Δpball = −Δpclub

That is, the gain in momentum of the ball is equal to the loss of momentum experienced by the club.

6.2.2 The conservation of momentum
We can consider equation [6] in terms of the interaction between two colliding objects A and B as:
pA final − pA initial = −(

 
pB final − pB initial)

Rearranging, we get:
pA final − pA initial = −(

 
pB final + pB initial)

then,
pA final + pB final = pB initial + pA initial  [7]

We can see that the sum of the momenta of the objects after collision is equal to the sum of the 
momenta of the objects before collision. This idea is embodied in the Law of Conservation of 
Momentum:

For any closed isolated system, the sum of the momenta of all objects in that system is a constant.

before the collision

during the collision

after the collision

pA

FA FB

pB

pA + pB

pB 

A

B

A
B

pA 

A
B

FIGURE 6.3 The net force on this system of two blocks is zero.

6.2 SAMPLE PROBLEM 1

Consider the collision illustrated in figure 6.3. 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.
(a) Determine the final velocity of block B if block A rebounds to the left with a velocity of 

0.50 m s−1.
(b) Determine the velocity of the blocks after the collision if, instead of moving off separately, 

they stick together upon collision.
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6.2.3 Impulse
The actual change in momentum of an object, Δp, is also referred to as its impulse.
The impulse of an object can be found in terms of its mass and change in velocity:
Δp = mΔv = m(v − u)
As F = ma

 

and a = v − u
Δt

 

F = m 
v − u

Δt
 

FΔt = m(v − u)
As a result, we can see that the impulse of an object can also be determined from the force acting on 
the object that changes its velocity, and the time interval over which the force acted on the object:

Δp = FΔt

SOLUTION:

(a) Assign the direction to the right as positive. The expressions uA and uB 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.

Therefore, Σpbefore = mAuA + mAuB

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

= 20.0 kg m s−1 − 12.0 kg m s−1

= 8.0 kg m s−1

 According to the Law of Conservation of Momentum, the total momentum of the system 
before the collision is the same as the total momentum of the system after the collision.

Therefore, Σpafter = Σpbefore = 8.0 kg m s−1

Using the expressions vA and vB for the respective velocities of A and B after collision,
8.0 kg m s−1 = mAvA + mBvB

                    = 5.0 kg × −0.50 m s−1 + 3.0 kg × vB

                    = −2.5 kg m s−1 + 3.0 kg × vB

Rearranging, we get:

8.0 kg m s–1 + 2.5 kg m s–1 = 3.0 kg × vB

10.5 kg m s–1 =  3.0kg × vB

vB =
10.5 kg m s−1

3.0 kg
    = 3.5 m s−1

Block B moves off to the right at 3.5 m s−1.
(b) In this case, the blocks A and B will move away from the collision with a combined mass of 

(mA + mB) and with a common velocity that can be expressed as VAB.

Σ 
pafter = (mA + mB)vAB

8.0 kg m s−1 = (5.0 kg + 3.0 kg)vAB

8.0 kg m s−1 = 8.0 kg × vAB

vAB =
8.0 kg m s−1

8.0 kg
     = 1.0 m s−1

The velocity of the blocks after the collision is 1.0 m s−1 to the right.
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6.2 SAMPLE PROBLEM 2

A putter exerts a force of 8 N for a time interval of 0.01 s on a golf ball at rest on the green. With 
what velocity will the ball leave the putter if the ball has a mass of 50 g?

SOLUTION

Given: m = 50 g = 0.05 kg; F = 8 N; Δt = 0.01 s; u = 0

To find: v
               FΔt = m(v − u)
8 N × 0.01 s = 0.05 kg × (v − 0) m s−1

         0.08 Ns = 0.05v kg m s−1

                   v = 0.08
0.05

                      = 1.6 m s−1

 

The putter gives the ball a velocity of 1.6 m s−1.

6.2 SAMPLE PROBLEM 3

MOMENTUM AND IMPULSE OF A CAR

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?

SOLUTION

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

m = 1200 kg, u = 15 m s−1, v = −3.0 m s−1, Δt = 0.06 s

Δp = mv − mu
     = m (v − u)
     = 1200 (0 − 15)
     = 1200 × −15
     = −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 original direction of 
the car.

(c) Magnitude  of  impulse = FΔt

 1.8 × 104 = F × 0.06

             F = 1.8 × 104

0.06
                = 3.0 × 105 N
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6.2 SAMPLE PROBLEM 4 SPEED OF A ROLLER SKATER

The graph in figure 6.4 describes the changing horizontal force on a 40 kg roller skater as she 
begins to move from rest. Estimate her speed after 2.0 seconds.

(d)      Impulse = mΔv
                  = 1200 (−3 − 15)
                  = 1200 × −18
                  = −2.16 × 104 N s 

2.16 × 104 = FΔt
2.16 × 104 = F × 0.06

               F = 2.16 × 104

0.06
                  = 3.6 × 105 N

  

(d) 

     Impulse = mΔv
                  = 1200 (−3 − 15)
                  = 1200 × −18
                  = −2.16 × 104 N s 

2.16 × 104 = FΔt
2.16 × 104 = F × 0.06

               F = 2.16 × 104

0.06
                  = 3.6 × 105 N
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FIGURE 6.4

WORKING SCIENTIFICALLY 6.1
Different types of golf balls have different numbers of dimples on them. Investigate the relationship between 
the number and distribution of dimples on golf balls and the air resistance that they experience when 
dropped from a set height.

6.2.4 Investigating impulse using a graph of force as a  
function of time
The force that was determined in 6.2 sample problem 3 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 
impuse = FavΔt. If a graph of force versus time is plotted, the impulse can be determined from the area 
under graph.
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6.3 Conservation of momentum in two dimensions
6.3.1 Components of momentum
So far, we have only really looked at the conservation of momentum in one dimension. However, it 
must be remembered that momentum is conserved in two and even three dimensions as well. When 
momentum is conserved in two dimensions, this means that the total momentum before collision is 

WORKING SCIENTIFICALLY 6.2
A ball dropped from a height onto a hard floor will bounce higher than one that is dropped onto a sheet of 
foam. Devise and conduct an experiment that will allow you to derive a mathematical relationship between 
the bounce height and the foam thickness.

SOLUTION

The magnitude of the impulse on the skater can be determined by calculating 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

                                     = 1
2

× 1.1 × 400 + 0.9 × 200 + 1
2

× 0.9 × 200

                                     = 220 + 180 + 90

                                     = 490 N s

 

 Magnitude of change in momentum = mΔv
                                                    490 = 40 × Δv

                                                      Δv = 490
40

                                                            = 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.

6.2 Exercise 1
1. A 70 kg basketball player lands on the ground after a jump at a speed of 10 m s−1 and is brought to a 

stop by the ground in 0.35 s. What is the average force exerted on her by the ground?
2. A sprinter with a mass of 60 kg leaves the blocks at the start of a race by pushing off with a force of 

700 N exerted over a 0.4 s interval of time. At what speed does the sprinter leave the blocks?
3. A 60 kg trampolinist jumps straight up in the air by exerting an average force of 1060 N on the 

trampoline bed for a time of 0.5 s.
(a) What is the impulse of the trampolinist on the trampoline?
(b) At what speed does he leave the trampoline?
(c) What will be the maximum height that he reaches?

4. 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 collision. 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?
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equal to the total momentum after collision in both horizontal and vertical directions. This is certainly 
apparent to anyone who has played pool. Let’s look at a particular pool shot to make this idea a bit 
clearer. 

A 200 g white ball strikes a stationary 6 ball, also 200 g, at a speed of 3 m s−1. After the collision, 
the white ball and the 6 ball head off at different angles as shown in figure 6.5.

The figure shows that the white ball now moves at 2 m s−1 at an angle of 30° to its original motion, 
while the 6 ball travels at an angle of 38.2° at 1.62 m s−1.

Let’s see how momentum is conserved in this collision in 
two dimensions. In the x -direction (horizontal), the total 
momentum before collision, Σpx is equal to:

Σpx = (0.2 × 3 cos 0°) + (0.2 × 0) = 0.6 N s

Now, the total momentum after collision in the x-direction,  
Σpx′, can also be found:

 Σpx′ = (0.2 × 2 cos 30°) + (0.2 × 1.62 cos 321.8°)
       =  0.35 + 0.25
       =  0.6 N s

So, we can see that Σpx = Σpx′ which tells us that momentum 

has been conserved in the x-direction. We can proceed in a 
similar way for the y -direction.

Σpy = (0.2 × 3 sin  0°) + (0.2 × 0) = 0

After the collision, 
   Σpx′ = (0.2 × 2 sin 30°) + (0.2 × 1.62 sin 321.8°)
         = 0.2 + −0.2
         = 0

Thus, momentum is conserved in both the x-direction and the y-direction.

38.2º
30º

uw = 3 m s–1

vw = 2 m s–1

u6 ball = 0 m s–1

v6 ball  = 1.62 m s–1

Before collision

After collision

6

6

FIGURE 6.5 A collision between 
pool balls shows that momentum is 
conserved in two dimensions.

6.3 SAMPLE PROBLEM 1

In a game of lawn bowls, a bowl is travelling at a speed of 5 m s−1 when it strikes the jack. After 
the collision, the bowl travels at an angle of 20° to its original direction at a speed of 4 m s−1. If 
the mass of the bowl is 1.6 kg and the mass of the jack is 0.28 kg, find the speed and direction at 
which the jack is moving after the collision

SOLUTION

Given: mB = 1.6 kg; uB = 5 m s−1 at 0°; vB = 4 m s−1 
at 20°; mJ = 0.28 kg; uJ = 0
To find: vJ and θJ

As we know that momentum will be conserved in both 
x- and y-directions, we can write that Σpx = Σpx′ and 
Σpy = Σpy′.

uB = 5 m s–1
�B = 4 m s–1

�J = 0
J = ?

�J = ?

20º
 

FIGURE 6.6
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Looking at the x-direction first:

Σpx = Σpx′
                          mBuB + mJuJ = mBvB + mJvJ
(1.6 × 5 sin 0°) + (0.28 × 0) = (1.6 × 4 sin 20°) + (0.28 × vJ sin θ J)
                                             0 = 2.19 + 0.28vJ sin θ J
                                      −2.19 = 0.28vJ sin θ J 
                                   vJ sin θ J = −7.82 N s

Now, let’s look at the y-direction components:
                          mBuB + mJuJ = mBvB + mJvJ
(1.6 × 5 sin 0°) + (0.28 × 0) = (1.6 × 4 sin 20°) + (0.28 × vJ sin θ J)
                                             0 = 2.19 + 0.28vJ sin θ J
                                      −2.19 = 0.28vJ sin θ J 
                                   vJ sin θ J = −7.82 N s

As the magnitude of the velocity is generally positive, the positive x-component and the negative 
y-component indicate that the jack is directed into the fourth quadrant.
So we now have vJ cos θ J = 7.14 N s and vJ sin θ J = −7.82 N s. Although this may not seem to 
get us very far, don’t forget that we can use the relationship for finding the tan of an angle.

tan θ = sin θ
cos θ

 

therefore, 

tan θ J =
sin θ J

cos θ J

This in turn means that: 

tan θ J =
vJsin θ J

vJcos θ J

We can then substitute our numerical values to get:

tan θ J = 782
7.14

      θ J = tan−1 (1.09)
          = 47.6°

Substituting this value back in to vJ cos θ J = 7.14:

 vJ cos 47.6° = 7.14

                vJ = 7.14
0.67

                   = 10.6 m s−1

We find that, after the collision, the jack moves at 10.6 m s−1 at an angle of 312.4° to the 
original direction of motion of the bowl.

uB = 5 m s–1
vB = 4 m s–1

uJ = 0

vJ = 10.6 m s–1 

20º

47.6º

FIGURE 6.7

6.3 Exercise 1
Question
1. A 5 kg ball moving due east at 4.0 m s−1 collides with a 4.0 kg ball moving due west at 3.0 m s−1. Just 

after the collision, the 5.0 kg ball has a velocity of 1.2 m s−1 due south.
(a) What is the magnitude of the 4.0 kg ball’s velocity just after the collision?
(b) In what direction does it move?
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6.4 Momentum and road safety
6.4.1 Reducing the net force
In the event of a car collision, the net force applied to your body as its motion suddenly changes can be 
controlled in two ways:
1. By reducing your initial momentum and therefore, your change in momentum, by driving at a 

moderate speed. Of course, by driving at a moderate speed, you are less likely to have a collision in 
the first place. Low-speed zones, speed humps and strict enforcement of speed limits contribute to 
making accidents less likely and to reducing injuries when accidents do occur.

2. By increasing the time interval during which the change in momentum of the car, and the change in 
momentum of its occupants, takes place.

Cars that crumple
Cars are designed to crumple at the front and 
rear. This provision increases the time interval 
during which the momentum of the car changes 
in a collision, further protecting its occupants 
from death or serious injury. Even though the 
front and rear of the car crumple, the passenger 
compartment is surrounded by a rigid frame. The 
engine is also surrounded by rigid structures that 
prevent it from being pushed into the passenger 
compartment. The tendency of the roof to crush 
is currently being reduced by increasing the 
thickness of the windscreen and side windows, 
using stronger adhesives and strengthening the 
roof panel.

The inside of the passenger compartment is also 
designed to protect occupants. Padded dashboards, col-
lapsible steering wheels and airbags are designed to 
reduce the rate of change of momentum of occupants in 
a collision. Interior fittings like switches, door knobs 
and the handbrake are sunk so that the occupants do not 
collide with them.

Don’t be an egghead
In a serious bicycle accident, the head is likely to collide 
at high speed with the road or another vehicle. Even a 
simple fall from a bike can result in a collision of the 
head with the road at a speed of about 20 km h−1. 
Without the protection of a helmet, concussion is likely 
as the skull decelerates very quickly due to the large net 
force on it. It will come to rest while the brain is still in 
motion. The brain will collide with the skull. If the net 
force on the skull and its subsequent deceleration is large enough, the brain can be severely bruised or 
torn, often resulting in permanent brain damage or death. The effect is not unlike that of dropping a 
soft-boiled egg onto a hard floor.

FIGURE 6.8 Crumple zones at the front and rear of 
cars reduce the rate of change of momentum of 
the car and its occupants during a collision.

FIGURE 6.9 Helmets save lives and 
prevent serious injury in many sports. 
They increase the time interval over which 
a change in momentum takes place.
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Bicycle helmets typically consist of an expanded polystyrene liner about two centimetres thick, cov-
ered in a thin, hard, polymer shell. They are designed to crush on impact. Although a helmet does not 
guarantee survival in a serious bicycle accident, it does reduce the net force applied to the skull, and 
therefore increases the chances of survival dramatically. The polystyrene liner of the helmet increases 
the time interval during which the skull changes its momentum.

Helmets used by motorcyclists, in horseriding, motor racing, cricket and in many other sports serve 
the same purpose — that is, to increase the time interval over which a change in momentum takes 
place.

Seatbelts and safety
In a high-speed head-on car collision, each car comes to a stop rapidly. An occupant not wearing a seat-
belt continues at the original speed of the car (as described by Newton’s First Law of Motion) until acted 
on by a non-zero net force. An unrestrained occupant therefore moves at high speed until:
 • colliding with part of the interior of the car, stopping even more rapidly than the car itself, usually 

over a distance of only several centimetres (Most deaths and injuries in car crashes are caused by 
collisions between the occupants and the interior of the car.)

 • crashing through the stationary or almost stationary windscreen into the other car or onto the road
 • crashing into another occupant closer to the front of the car.

An occupant properly restrained with a seatbelt stops with the car. In a typical suburban crash, the 
deceleration takes place over a distance of about 50 cm. The rate of change of the momentum of a 
restrained occupant is much less than that of an unrestrained occupant. Therefore, the net force on 
a restrained occupant is less. As well as increasing the time interval over which its wearer comes to  
a stop, a properly fitted seatbelt spreads the force over a larger area of the body.

Inertia-reel seatbelts
Inertia-reel seatbelts allow car occu-
pants some freedom of movement 
while they are worn. However, in the 
event of a sudden change in velocity 
of the car, they lock and restrain the 
occupant (see figure 6.10). Iner-
tia-reel seatbelts are designed with 
Newton’s First Law of Motion in 
mind. When the car stops suddenly, a 
pendulum continues to move for-
ward. Part of the pendulum prevents 
the reel holding the belt from turning. 
This locks the belt into place. The 
name ‘inertia reel’ is given to these 
seatbelts because the inertia of the 
pendulum causes the belt to be 
locked. Another type of seatbelt uses 
an electronic sensor. When the 
sensor detects an unusually large 
deceleration it releases a gas propel-
lant that causes the reel to be locked.

Seatbelt

Inertia shift
wheel

Front of car

Pendulum

FIGURE 6.10 Operation of an inertia-reel seatbelt. This reel is 
shown in the locked position.
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PHYSICS IN FOCUS
Airbag technology
Airbags are designed to increase the time interval during which the occupant’s momentum 
decreases in a collision, reducing the net force on the occupant. Airbags inflate when the crash 
sensors in the car detect a large deceleration. When the sensors are activated, an electric current is 
used to ignite the chemical compound sodium azide (NaN3), which is stored in a metal container 
at the opening of the airbag. The sodium azide burns rapidly, producing other 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 litres in only 30 milliseconds.

When the occupant’s body makes contact with the airbag, 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 compound produced by the chemical reaction. Deflation must 
be rapid enough to allow a driver to see after the accident.

Before any physical testing of a new car 
takes place, the vehicle structure is modelled 
on a computer to ensure that it has adequate 
durability, comfort (in terms of noise and 
vibration for example) and accident perfor-
mance. The computer modelling is then veri-
fied with the first physical testing of real 
vehicles. Following this, the design will pro-
gress through a number of refinements before 
the new model is ready for sale to the public.

One interesting aspect in the development 
of an airbag system is the calibration of the 
sensor that triggers the airbags. Current ‘state 
of the art’ technology for driver and pas-
senger airbags use a single sensing module 
mounted within the passenger compartment 
of the vehicle. This module continually moni-
tors the longitudinal acceleration of the car. 
Complex calculations and comparisons are 
performed by a microprocessor within the 
sensing module before it ‘decides’ whether or 
not to trigger the airbags.

Many cars are crashed on the computer 
and in real life during the development of 
the vehicle structure and airbag system. The 
crash events used to develop an airbag cali-
bration include high- and low-speed colli-
sions, full and angled frontal impacts and 
pole- or tree-type collisions.

6.4.2 Modelling real collisions
The Law of Conservation of Momentum makes it possible to predict the consequences of colli-
sions between two cars or, in the case of traffic investigation forensics, estimate the speeds at 
which vehicles were travelling before a collision.

FIGURE 6.11 Airbags increase the time interval 
during which the occupant’s momentum decreases.

FIGURE 6.12 Crash test with a BMW displayed at 
the 2010 Paris Motor Show.
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6.5 Elastic and inelastic collisions
6.5.1 Transfer of kinetic energy
In collisions, kinetic energy may be transferred between the colliding objects. When a moving billiard 
ball strikes one that is stationary, we would not be surprised to see that the first ball moves a bit more 
slowly after the collision and the stationary ball is now in motion. In this case, the first ball has trans-
ferred some of its kinetic energy to the second. As the first ball has lost kinetic energy, it moves at a 
lower speed. The second ball, in gaining kinetic energy, is now in motion.

In a perfect collision between two objects in which no energy is lost in the form of sound, heat or 
elastic potential energy, the kinetic energy lost by one object is equal to the kinetic energy gained by 
the other. In other words, for two colliding objects A and B:

ΔEkA = −ΔEkB

1
2

 mAv2
A − 1

2
 mAu2

A = −(1
2

 mBv2
B − 1

2
 mBu2

B)

6.4 SAMPLE PROBLEM 1

A 2000 kg delivery van collides with a small stationary car of mass 1000 kg. The two vehicles 
lock together and the tangled wreck continues to move in the direction in which the van was trav-
elling. By examining the marks left by the tangled vehicles after collision until the wreck came to 
rest, investigators were able to determine that they were travelling together at a speed of 20 m s–1 
immediately after impact.

At what speed was the van travelling just before it hit the small car?

SOLUTION

Σpafter = (mvan + mcar) vvan+car

           = (2000 kg + 1000 kg) × 20 m s−1

           = 3000 kg × 20 m s−1

           = 60 000 kg m s−1

As Σpafter = Σpbefore = mvan uvan + mcar ucar

60 000 kg m s−1 = 2000 kg × uvan + 1000 kg × 0
60 000 kg m s−1 = 2000 kg × uvan

uvan =
60 000 kg m s−1

2000 kg
uvan = 30 m s−1

6.4 Exercise 1
1. 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 and travel at 1.3 m s–1 in the direction of the 
first car after impact. What was the speed of the second car before the collision?

2. A 3.0 kg target is balanced on a post at the end of an archery range. Michelle fires a 45 g arrow that 
travels at 20 m s–1 as it enters the target. If the arrow moves through the target and emerges on the 
other side with a speed of 12 m s–1, what will be the speed of the target as it is knocked from the post?

 Explore more with this weblink: Car safety systems

 RESOURCES
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We can rearrange this to get:
1
2

 mAu2
A + 1

2
 mAu2

B = 1
2

 mBv2
A + 1

2
 mBv2

B

or,

ΣEk  before = ΣEk  after

In such perfect collisions, kinetic energy is conserved and the sum of kinetic energies of the objects 
within the system is a constant. A collision in which both momentum and kinetic energy are conserved 
is called an elastic collision.

The vast majority of collisions in the real world, however, are not elastic. Although momentum will 
be conserved regardless, the transfer of kinetic energy between colliding objects is usually incomplete. 
This is because some of the original kinetic energy is converted into other forms of energy, such as 
sound and heat, leaving only a fraction of the kinetic energy to be transferred. Collisions in which 
kinetic energy is not conserved are said to be inelastic.

FIGURE 6.13 Billiard balls collide in a nearly 
elastic collision.

FIGURE 6.14 Humans do not collide elastically.

SAMPLE PROBLEM 6.5

A 60 kg skater travelling at 4 m s−1 collides with a 40 kg skater moving in the opposite direction 
at 6 m s−1, and the two skaters are both bounced in directions opposite to the ones they had before 
collision. After the collision, the larger skater is moving at a speed of 1 m s−1 but the smaller 
skater has a speed of 1.5 m s−1. Is this an elastic collision or an inelastic collision?.

SOLUTION

mA = 60 kg

uA = 4 m s–1

uB = –6 m s–1

mB = 40 kg

FIGURE 6.15
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6.6 Review
6.6.1 Summary
 • The momentum of an object is the product of its mass and its velocity.
 • The impulse delivered to an object by a force is the product of the force and the time interval during 

which the force acts on the object.
 • The impulse delivered by the net force on an object is equal to the change in momentum of the 

object: FΔt = mΔv.
 • The impulse delivered by a force can be found by determining the area under a graph of the force 

versus time.
 • The net force on a human body during a collision can be decreased by increasing the time interval 

during which its momentum changes. Vehicle safety features such as crumple zones, together with 
seatbelts and airbags, are designed to increase this time interval. Low-speed zones and speed humps 
encourage people to drive at lower speeds and, therefore, with less momentum — reducing the 
likelihood of injury when a collision does occur.

 • 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 Conservation of Momentum.

 • When two objects collide, the force applied by the first object on the second is equal and opposite to 
the force applied by the second object on the first.

 • Momentum is conserved in one-, two- and three-dimensional collisions.

If the collision is an elastic one, then we would expect kinetic energy to be conserved.

Ek before = 1
2

 mAu2
A + 1

2
 mBu2

B

           = 1
2

 ρ 60 kg ρ (4 m s−1)2 + 1
2

 ρ 40 kg ρ (−6 m s−1)2

           = 480  kg m2 s−2 + 720 kg m2 s−2

           = 1 200 J

Ek after = 1
2

 mAv2
A + 1

2
 mBv2

B

         = 1
2

 ρ 60 kg ρ (−1 m s−1)2 + 1
2

 ρ 40 kg ρ (1.5 m s−1)2

         = 30 kg m2
 s−2 + 45 kg m2

 s−2

         = 75 J

As you can see, Ek  before  ω Ek  after, therefore this is an inelastic collision.

WORKING SCIENTIFICALLY 6.3
Is there a relationship between the speed at which two objects collide and the proportion of kinetic energy 
lost in the collision? Design a method allowing you to investigate this. You will need to measure the speed 
of the balls before and after the collision, you will need to direct the balls in such a way so the collision only 
happens in one dimension, and you will need to change the initial speed of the balls.

6.5 Exercise 1
A 2 kg dynamics cart travelling at 2 m s–1 collides with a 3 kg dynamics cart travelling in the opposite 
direction at 4 m s–1. If the 2 kg cart rebounds from the collision at 3 m s–1, determine:

(a) the velocity of the 3 kg cart after collision
(b) whether this was an elastic collision.
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 • The kinetic energy, Ek, of an object is proportional to its mass and the square of its velocity. Kinetic 
energy is measured in joules (J).

 • An inelastic collision is one in which only momentum is conserved.
 • An elastic collision is one in which both kinetic energy and momentum are conserved.

6.6.2 Questions
1. Joggers are advised to run on a soft surface such as grass rather than on hard surfaces such as 

bitumen or concrete to reduce knee injury. Why is this so?
2. What is the difference between an energy transfer and an energy transformation?
3. Why is a heavy bowling ball able to knock over more pins on average than a lighter ball?
4. Why does the use of boxing gloves make modern boxing safer than bare-knuckle fighting?
5. Most dance halls have what are referred to as sprung wooden floors, which are very bouncy. Why 

would such floors be needed in a dance hall?
6. Explain in terms of the Law of Conservation of Momentum how astronauts walking in space can 

change their speed or direction.
7. Make an estimate, to one significant figure, 

of the magnitude of each of the following:
(a) the momentum of an Olympic athlete 

in the 100 m sprint
(b) the momentum of a family car travelling 

at the speed limit along a suburban street
(c) the impulse that causes a 70 kg football 

player running at top speed to stop abruptly 
as he collides with an unseen goalpost

(d) the impulse applied to a netball by a 
goal shooter as she pushes it up 
towards the goal at a speed of 5 m s−1

(e) the change in momentum of a tennis 
ball as it is returned to the server in a 
Wimbledon final.

8. A railway cart of mass 500 kg travelling at 
3.0 m s−1 due west comes to rest in 2.0 s 
when the engine pulling it stops.
(a) Calculate the impulse that has been applied to the cart.
(b) Calculate the change in momentum of the cart.
(c) Calculate the magnitude of the average force acting on the cart as it comes to a stop.

9. The graph in the figure 6.17 shows how the 
net force on an object of mass 2.5 kg 
changes with time.
(a) Calculate the impulse applied to 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 acceleration versus 

time for the object.

FIGURE 6.16
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10. A car with a total mass of 1400 kg (including occupants), travelling at 60 km h−1, hits a large tree 
and stops in 0.080 s.
(a) Calculate the impulse that is applied to the car by the tree.
(b) Calculate the force exerted by the tree on the car.
(c) Calculate the magnitude of the deceleration of the 70 kg driver of the car if he is wearing a 

properly fitted seatbelt.
11. Figure 6.18 shows how the horizontal force on the upper body of each of two occupants of a car 

changes as a result of a head-on collision. One occupant is wearing a seatbelt while the other is 
not. Both occupants are stationary 0.10 s after the initial impact.
(a) What is the horizontal impulse on the occupant wearing the seatbelt?
(b) If the mass of the occupant wearing the seatbelt is 60  kg, determine the speed of the car just 

before the initial impact.
(c) Is the occupant not wearing the seatbelt heavier or lighter than the other (more sensible) occu-

pant? Write a paragraph explaining the difference in shape between the two curves on the graph.
12. A 75 kg basketballer lands vertically on the court with a speed of 3.2 m s−1.

(a) What total impulse is applied to the basketballer’s feet by the ground?
(b) If the basketballer’s speed changes from 3.2 m s−1 to zero in 0.10 s, what total force does the 

ground apply to his feet?
13. Use the ideas presented in this chapter to explain why:

(a) 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.

14. It is often said that seatbelts prevent passengers from being thrown forwards in a car collision. 
What is wrong with such a statement?

15. Airbags are fitted to the centre of the steering wheel of many new cars. In the event of a sudden 
deceleration, the airbag inflates rapidly, providing extra protection for a driver restrained by a seatbelt. 
Explain how airbags reduce the likelihood of serious injury or death.

16. A toy car with a mass of 2.0 kg 
collides with a wall at a speed of 
1.0 m s−1 and rebounds in the oppo-
site direction with a speed of 
0.50 m s−1.
(a) What is the change in momentum 

of the toy car?
(b) What is the impulse applied by 

the toy car to the wall? Explain 
how you obtained your answer 
without any information about the 
change in momentum of the wall.

(c) Does the wall actually move as a 
result of the impulse applied by the toy car? Explain your answer.

17. A physics student is experimenting with a low-friction cart on a smooth horizontal surface. Predict 
the final velocity of the 2.0 kg cart in each of these two experiments.
(a) The cart 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 cart is loaded with 2.0 kg of sand. As the cart 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.
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18. Two stationary ice skaters, Denise and Lauren, are 
facing each other and use the palms of their hands to 
push each other in opposite directions. Denise, with a 
mass of 50 kg, moves off in a 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) Calculate Lauren’s mass.
(b) Calculate the magnitude of the impulse that 

results in Denise’s gain in speed.
(c) Calculate 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 

Denise 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.

19. Gavin and Andrew are keen rollerbladers. Gavin 
approaches his stationary brother at a speed of 
2.0 m s−1 and bumps into him. As a result of the 
collision, Gavin, who has a mass of 60 kg, stops 
moving and Andrew, 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 Andrew move off?
(b) Calculate the magnitude of the impulse on Gavin as 

a result of the bump.
(c) Calculate the magnitude of Gavin’s change in 

momentum.
(d) Calculate the magnitude of Andrew’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 Gavin held onto Andrew so that they moved off together what would be their final velocity?

20. An unfortunate driver of mass 50 kg, travelling on an icy road in her 1200  kg car, collides with a 
stationary police car with a total mass (including occupants) of 1500  kg. 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 unfortunate driver of the offending car (who was wearing a prop-

erly 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?

21. 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 vehicles immediately after the collision?
(b) Which vehicle experiences the greater change in speed?

FIGURE 6.19

FIGURE 6.20
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(c) Which vehicle experiences the greater change in momentum?
(d) Which vehicle experiences the greater force?

22. A train of mass 4.0 × 106 kg rolls freely along a horizontal track at a speed of 3.0 m s−1 towards a 
loaded coal cart. The mass of the coal cart is 5 × 105 kg and it is rolling freely at a speed of 
2.0 m s−1 in the same direction as the train. When the train reaches the coal cart, they remain in 
contact and continue to roll freely. What is their common speed after contact is made?

23. 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.

24. A well-meaning politician makes the suggestion that if cars were completely surrounded by 
rubber ‘bumpers’ like those on dodgem cars, they would simply bounce off each other in a 
collision and the passengers would be safer. Discuss the merit of this suggestion in terms of 
impulse, change in momentum and force.

25. In a paragraph, discuss the accuracy of the following statement. Make estimates of the physical 
characteristics of the car and the wall so that you can support your arguments with calculations.

When a car collides with a solid concrete wall firmly embedded into the ground, the total 
momentum of the system is conserved. Therefore, the concrete wall moves, but not quickly 
enough to allow any measurement of the movement to be made.

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

27. A 1.20 kg sports pistol discharges while lying on a highly polished tabletop, firing a 3 g bullet at 
420 m s−1 in one direction while it recoils in the opposite direction. How far along the tabletop 
will the gun move before coming back to rest if the coefficient of friction between the gun and the 
tabletop is 0.12?

28. Two identical hockey pucks slide along the ice towards each other. At the moment that they 
collide elastically, one has a speed of 10 m s−1 and the other has a speed of 5 m s−1. If they 
bounce off each other, what will be their speeds after collision?

29. Figure 6.21 shows a billiards shot that causes a red ball to be sunk in the corner pocket. 
If the white ball and the red ball have the same mass and the red ball was initially stationary, 

what speed did the red ball have after collision? (Note: in reality, the white ball is slightly smaller 
than the other balls on the table.)

20º

30º
uw = 4 m s–1

Vr = ?

Vw = 2 m s–1

FIGURE 6.21

UNCORRECTED P
AGE P

ROOFS

D.Ravi kumar
Highlight



20 Jacaranda Physics 11

c06MomentumEnergyAndSimpleSystems.indd Page 20 13/07/17  3:24 PM

PRACTICAL INVESTIGATIONS

Investigation 6.1: Impulse and chance in momentum
Aim
To compare the change in momentum of an object with the impulse delivered by an external force

Apparatus
low-friction trolley or linear air-track glider timing and recording device (e.g. ticker-timer, spark generator, 
photogates, motion detector and computer interface)  
pulley 
light string 
load (500 g or 1.0 kg mass)
metre rule 

Theory
The impulse delivered to an object by a force is the product of the force and the time interval during which 
the force acts on the object. The impulse delivered by the net force on an object is equal to the change in 
momentum of the object.

Method
1. Connect a load of known mass to a 

dynamics trolley or linear air-track 
glider with a light string over a pulley, 
as shown in figure 6.22.

2. Use your timing and recording device 
to collect data that will allow you to 
determine the instantaneous velocity of 
the trolley or glider at two separate 
instants as the load is falling.

3. Measure and record the mass of the 
trolley or glider.

Analysis and questions
Use your record of the motion to determine the instantaneous velocity at two separate instants and hence 
calculate the change in velocity.

1. What is the mass of the system?
2. Calculate the change in momentum of the system.
3. What is the magnitude of the net force applied to the system?
4. Use the net force and the appropriate time interval to calculate the impulse delivered to the system by 

the net force.
5. Compare the impulse and change in momentum of the system, and discuss any difference between your 

expected results and your calculations. 
6. Express the discrepancy between the change in momentum and the impulse as a percentage of the 

impulse.
7. Which of the measured quantities was the least accurate? Why?

Investigation 6.2: Simulating a collision
Aim
To show that momentum is conserved in a collision in which there are no unbalanced external forces acting 
on the system

Apparatus
low-friction trolleys or linear air-track gliders timing and recording device (e.g. ticker-timer, spark generator, 
photogates, motion detector and computer interface) 
brick or other weight to add to one trolley or glider
balance suitable for measuring the mass of the trolleys or gliders and the added weight velcro, double- 
sided tape or plasticine metre rule

Trolley Light string Pulley

Load

FIGURE 6.22
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Theory
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 Conservation of Momentum. Therefore, if no external forces act 
on two vehicles during a collision between them, the total momentum of the system of the two vehicles 
remains constant. It follows that the change in momentum of the first car is equal and opposite to the 
change in momentum of the second car.

Method
1. Use two low-friction trolleys or linear air-track gliders to simulate a collision between a furniture truck 

and a medium-sized passenger car. The truck, travelling at a moderate speed, collides with the rear end 
of the car on an icy road. After the collision, the two vehicles lock together.

2. Attach an adhesive substance (e.g. velcro, double-sided sticky tape or plasticine) to one or both trolleys 
or gliders to ensure that they lock together after the collision. Record the mass of each ‘vehicle’ (after 
adhesive is attached) before setting up the collision. Place a small, light, unrestrained object on to each 
of the vehicles to represent loose objects.

3. Use your timing and recording device to collect data that will allow you to determine the velocity of each 
‘vehicle’ just before and just after the collision.

Results
Record your data in a table similar to the one below.

Analysis and questions
1. Describe the motion of each of the loose objects after the collision. What are the implications of your 

observations for the drivers and passengers in each vehicle?
2. What was the total momentum of the system before the collision?
3. If there were no unbalanced external forces acting on this system, what would you expect the total 

momentum to be after the collision?
4. What was the total momentum of the system after the collision?
5. How do you account for the fact that momentum was not fully conserved in this collision? Mass was 

recorded in the tables in grams. Why is there no need to convert it to kilograms?
6. What was the impulse applied to the car during the collision?
7. What was the impulse applied to the furniture truck during the collision?
8. According to Newton’s Third Law of Motion, the impulse applied to the car by the furniture truck should 

be equal to the impulse applied to the furniture truck by the car. Explain your answers to questions 6 
and 7 in the light of this. 

9. An elastic collision is one in which the total kinetic energy of the system before the collision is the same 
as the total kinetic energy after the collision. Is this simulated collision elastic? Show your reasoning.

Furniture truck Medium-sized car

Mass (g)

Velocity before collision (cm s−1)

Velocity after collision (cm s−1)

Momentum before collision (g cm s−1)

Momentum after collision (g cm s−1)
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