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7. A circular cylinder, of mass 3.0 kg and diameter 20 cm, rolls without slipping down a slope of vertical height 
2.0 m. When it gets to the bottom, the cylinder has a linear speed of 5.0 m s–1.
a. Calculate the total kinetic energy of the cylinder at the bottom of the slope.

b. Calculate the rotational kinetic energy of the cylinder at the bottom of the slope.

c. Calculate the angular velocity of the cylinder at the bottom of the slope.

d. Calculate the rotational inertia of the cylinder as it rolls down the slope.

 Rotating systems – defi nitions, formulae and essential learning
angle angle (or angular displacement) is the rotational quantity that is equivalent to 

distance (linear displacement).

 = t
the angular speed of a rotating object is the rate at which the angle turned through 
is changing – the angle must be measured in radians, and the unit of measurement is 
radians per second (rad s–1).

 = 2f there are 2 radians in one revolution – when the speed of a rotational motion is expressed 
as a frequency (revolutions per second), it is multiplied by 2 to change it to angular speed 
(radians per second).

 = t
the angular acceleration of a rotating object is the rate at which the angular speed 
is changing; the unit of measurement is radians per second per second (rad s–2).

d = r, v = r, a = r if an object is spinning, any point on it is travelling in a circle – the radius, r, of the 
circle depends on how far the point is from the centre; the linear motion quantities 
(distance, speed, acceleration) of the point are linked to the rotational motion quantities 
(angle, angular speed, angular acceleration) by the value of the radius of the circle.

 = i + f

2
 t

f = i + t

f
2 = i

2 + 2

 = it + ½t2

If a rotating object has constant angular acceleration, there is a set of kinematic 
equations similar to the kinematic equations for constant linear acceleration.

 = Fr the torque applied to an object depends on the size of the force acting on the object 
and the perpendicular distance from the line of action of the force to the pivot point.

rotational inertia the rotational inertia, I, of a rotating object depends on the mass of the object and 
how the mass is distributed about the centre of rotation (the greater the distance of 
the mass from the centre, the greater the rotational inertia); rotational inertia is not 
a constant for a particular object, but depends on which axis (or point) the object is 
rotating about.
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 = I if a torque is applied to an object that is free to rotate, the object will accelerate; the 
value of an object’s angular acceleration depends inversely on the object’s rotational 
inertia.

L = I an object that is rotating with angular velocity, , about an axis that gives it a 
rotational inertia, I, has angular momentum, L.

L = mvr if the motion of an object is linear around a reference point (e.g. orbital motion), rather 
than a spinning motion, its angular momentum, about the reference point, can be 
calculated from its linear motion quantities.

conservation of 
angular momentum

if there are no external torques acting on an object or system of objects, angular 
momentum will be conserved.

EK = ½I2 an object that is rotating has rotational kinetic energy.

 Rotating systems – topic questions
1. Revolving doors
 Revolving doors like the one on the right are used in many big buildings.
 You may assume that the effects of friction can be ignored in this question.

A B

entrance

exit

 Jenny enters a revolving door, which is initially stationary (above diagram). She pushes on the door at 
point A: it accelerates at 0.48 rad s–2. She stops pushing when it reaches an angular velocity of 0.58 rad s–1.
a.  Jenny pushes, at right angles to the door, with a force of 132 N at a point 83 cm from the central axis.
 Show that she exerts a torque of 110 N m.

b. Show that the rotational inertia of the door is 230 kg m2.

c. Calculate the rotational kinetic energy gained by the door from Jenny.

 

 

Answers
p. 94
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d. Explain how this gain in energy is related to the force Jenny exerted on the door.

e.  Dorothy tells Jenny that by pushing at B (see diagram on previous page), she can get the door rotating to 
the same speed in the same time with less force. Discuss whether this idea is correct.

2. Hand starts
 To start a plane, Sam has to turn the propeller by hand. When the propeller reaches a high enough angular 

velocity, the engine will be able to start. The propeller has a rotational inertia of 16.5 kg m2.
 The engine will start when the propeller is turning at 100 revolutions per minute (rpm).

a. Show that 100 rpm is 10.5 rad s–1.

1 ⁄3 r
ota

tion

 Sam is able to apply a constant torque to the propeller for 
1
3

 of a revolution.

b.  The propeller is at rest when Sam starts to turn it. Calculate the minimum constant torque he must apply 
to start the engine.

c.  Sam wants to fi t a new propeller, of the same length, which will be easier to accelerate to 100 rpm.
 Explain how the new propeller might be different from the existing propeller.

d.  When the engine is shut off, the propeller takes 20.0 s to come to a complete stop from an angular 
velocity of 37.7 rad s–1. Calculate the number of turns the propeller completes while it slows to a stop. 
State any assumption(s) you have made.
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 OSCILLATING SYSTEMS

 What is simple harmonic motion?
Many types of motion are oscillatory, i.e. motion that is consistently repeated back and forth in a straight line. 
If you jump on something that is ‘springy’ (like a trampoline), you will bounce up and down for a while before 
coming to a stop; the tides go up and down repeatedly; trees wave to and fro in the breeze; an earthquake 
makes the ground shake back and forth. Simple harmonic motion is a simple type of oscillatory motion.

Speed in simple harmonic motion
If a trolley attached to a system of two horizontal springs is pulled to 
one side and released, it will roll back and forth with simple harmonic 
motion.

At each of the end points of the motion the direction of movement 
reverses and, for an instant in time, the speed of the trolley is zero. 
When the trolley leaves the end position, it accelerates until it 
reaches a maximum speed, then decelerates back to zero speed at 
the other end position. By symmetry, the maximum speed occurs 
when the trolley is halfway between the two end points.

Acceleration in simple harmonic motion
The acceleration of an object is proportional to the force acting on it (F = ma).

Consider the size of the forces acting on the trolley in the preceding graphics. As the springs are always pulling 
on the trolley in opposite directions, the resultant force of the spring system is always the difference between 
the size of the two ‘pulls’. At each end point, one of the springs is in its least stretched state and the other is in 
its most stretched state, and so the resultant force on the trolley is maximum. When the trolley is in its middle 
position (called the equilibrium position), the two springs exert equal pulls and so the resultant force acting on 
the trolley is zero.

Directions in simple harmonic motion
When the trolley in the preceding graphics is to the right of its equilibrium position, it has positive displacement. 
The spring system is pulling the trolley to the left, in the negative direction. When the trolley is to the left of 
its equilibrium position, its displacement is negative. The spring system is pulling the trolley to the right, in the 
positive direction.

This means that the direction of the resultant force acting on (and hence the acceleration of) an object moving in 
simple harmonic motion is always opposite to its displacement.

Regardless of whether the trolley is to the right or to the left of the equilibrium position, the spring system is 
always pulling it towards the equilibrium position.

Because the resultant force that is causing simple harmonic motion is always trying to restore the object to the 
equilibrium position, it is often called a restoring force.

Copy correctly
Up to 3% of a workbook
Copying or scanning from ESA workbooks 
is subject to the NZ Copyright Act which 
limits copying to 3% of this workbook.
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Summary
When an object is moving in simple harmonic motion:
• its speed is zero at the end points and maximum at the equilibrium position
•  its acceleration is maximum at its end points and zero at the equilibrium position (the exact opposite to the 

positions at which the speed is maximum and zero)
• the force on it is always in the opposite direction to the displacement (and always towards the equilibrium 

position).

Properties of simple harmonic motion
The amplitude of simple harmonic motion is the maximum displacement from the equilibrium position. Since 
the equilibrium position is halfway between the end points, the amplitude is also half the distance between the 
end points.

The frequency of simple harmonic motion is the number of complete oscillations per second.

The period of a simple harmonic motion is the time it takes for one complete oscillation.

 What is simple harmonic motion?
1. Preliminary question
 A toy bounces up and down on the end of a spring. The total distance the toy rises and falls each bounce is 

0.68 m, and it takes 7.9 s for the toy to do six complete bounces.
a. What is the amplitude of the simple harmonic motion? State how you know this.

b. Calculate the period of the simple harmonic motion.

c. Calculate the frequency of the simple harmonic motion.

d. Whereabouts in the motion is the toy travelling the fastest?

e. Whereabouts in the motion are the forces on the toy balanced?

f. Whereabouts in the motion does the toy have greatest acceleration?

g.  If the toy is below the middle position and travelling upwards, in which direction is the unbalanced force 
on the toy? State how you know this.

h. If the toy is above the middle position and travelling upwards, in which direction is the unbalanced force 
on the toy?

Answers
p.  94
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i.  If the unbalanced force on the toy is upwards, what can you say about the displacement of the toy with 
respect to the equilibrium position?

Check that you understand the answers to this preliminary question before carrying on.

2. If a pendulum bob swings with an amplitude that is small compared with the length of the pendulum string, 
its motion is simple harmonic motion. A pendulum bob swings between two points that are 2.8 m apart. The 
period of the motion is 1.6 s.
a. What is the amplitude of the simple harmonic motion?

b. Calculate the frequency of the simple harmonic motion.

c. Whereabouts in the motion is the pendulum bob stationary?

d. Whereabouts in the motion is the acceleration of the pendulum zero?

e. If the displacement of the pendulum bob is to the right, in which direction is the unbalanced force on the 
pendulum bob?

f. Why is the unbalanced force called a restoring force?

3. Tides cause the water level to rise and fall with simple harmonic motion. High tide occurs twice a day 
(i.e. twice in every 24 hours).
a. What is the amplitude of a tide that has a difference of 4.6 m between the water level at high tide and 

at low tide?

b. What is the period of the tide?

c. At what position of the tide – high tide, low tide or mid-tide – is the water level going up or down at its 
greatest rate?

d. At what position are the forces causing the tide balanced?
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 The reference circle
Imagine the situation shown in the diagram. A ball is 
travelling at constant speed in a circle. An imaginary screen 
is set up along one of the diameters of the circle. Light 
shines in from both sides at right angles to the screen. As 
the ball travels round and round the circle, the shadow of 
the ball travels up and down the screen.

The movement of the shadow is simple harmonic 
motion; the position of the shadow can be calculated, 
using the motion of the ball as a reference. 

The relationship between simple harmonic 
motion and circular motion
An object (shown as  in the diagram alongside) is travelling up and down 
in simple harmonic motion. The diagram shows the position of the object 
after it has travelled a distance, y, up from the equilibrium position. The 
reference particle (shown as  in the diagram), on its reference circle, is 
also shown. The reference particle must always be at the same horizontal 
level as the simple harmonic motion particle (because its shadow, cast by 
light coming in from the side, must fall on the simple harmonic motion 
particle).

By convention, the reference particle always rotates anticlockwise.

The motions of the reference particle and the simple harmonic motion 
particle are related as follows.
•  The maximum displacement of the simple harmonic motion particle 

from the middle position is the amplitude, A, of the simple harmonic 
motion. This is also the radius of the reference circle.

•  The frequency, f, of the reference particle is the same as the frequency 
of the simple harmonic motion particle.

•  The angular velocity, , of the reference particle is called the angular 
frequency of the simple harmonic motion.

• If the reference particle takes a time, t, to travel through an angle, , 
then  = t.

•  While the reference particle is travelling through an angle , the 
simple harmonic motion particle is travelling through a distance, y.

•  It takes the same time, t, for the reference particle to turn through the angle  as it does the simple harmonic 
motion particle to travel the distance y.

•  The position of the reference particle is related to the angular displacement of the simple harmonic motion 
particle by: 

sin  = 
y
A

y A

y A
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 The reference circle
1. Preliminary question
 An object, bouncing on the end of a spring, moves in vertical simple harmonic motion with period 1.5 s and 

amplitude 1.0 m.
a. Calculate the angular frequency of the simple harmonic motion.

b.  The diagram shows the object, with its reference circle, at two different 
positions during its motion. At position 1, it is 0.50 m above the 
equilibrium position and moving upwards. At position 2, it is 0.75 m 
below the equilibrium position and moving downwards.
i.  Mark on the reference circle the position of the reference particle 

for both positions of the object.
ii.  Mark on the diagram the angle, , through which the reference 

particle turns while the object is travelling from position 1 to 
position 2.

c. The angle  can be divided into three sections:
• 1 – the angle the reference particle turns through as the object goes from position 1 up to the top
•  r – the right angle the reference particle turns through as the object goes from the top down to the 

equilibrium position
•   2 – the angle the reference particle turns through as the object goes from the equilibrium position 

down to position 2.
i. Use a right-angled triangle to calculate the size of 1 (in radians).

ii.  Use the angle found in i. to calculate the time it takes the simple harmonic motion particle to go 
from position 1 to the top position of its motion.

iii.  Calculate the time it takes the simple harmonic motion particle to go from the equilibrium position 
down to position 2.

iv.  How long does it take the simple harmonic motion particle to go from the top position of its motion 
down to the equilibrium position?

v. Calculate the total time it takes the object to go from position 1 to position 2.

Check that you understand the answers to this preliminary question before carrying on.

2. An object, bouncing vertically on the end of a spring, is moving in simple harmonic motion; the distance 
between the top and bottom positions of the object is 50 cm. The period of the bounce is 1.5 s.
a.  Calculate the angular frequency of the simple harmonic motion. 

Answers
p.  95

0.50 m

0.75 m

bottom

2

top

1
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b. Timing starts when the object is 12.5 cm from the top of the bounce 
and is moving upwards. Timing stops when the object has reached the 
top of the bounce.
i.  Mark on the reference circle the position and direction of motion 

of the simple harmonic motion particle and the reference particle 
at the start and end of the timing. Mark the angle, , through 
which the reference particle has turned.

ii. Calculate the size of the angle  through which the reference 
particle turns.

c.  Calculate the time it takes the simple harmonic motion particle to travel from the start position to the top 
of the bounce.

d.  Calculate the time it takes for the simple harmonic motion particle to travel from the start to the 
equilibrium position of the bounce.

3. The bob on the end of a long pendulum swings horizontally with a period
of 8.0 s. Starting from the right-hand end position, it moves 1.4 m in 2.5 s.
a.  Calculate the angular frequency of the motion. 

b.  The reference circle shows the position of the bob  and the
reference particle  being together at the start.
i.  By considering how long it would take the bob to travel to

the equilibrium position, mark on the diagram its approximate
position after 2.5 s.

ii. Draw the angle, , through which the reference particle turns.
c. Calculate the size of the angle, .

d. Calculate the amplitude of the simple harmonic motion.

4. Ocean tides execute simple harmonic motion with a period of 12 hours. At 
a beach there is a 3.6 m tide (from low to high waterline). Some rocks on 
the beach are 2.1 m above the low-water line.
a.  Calculate the angle the reference particle travels through, while the 

water is above the rock line.

b.  Calculate the angular frequency of the tidal cycle. 
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c. Calculate the time that the sea is above the rock line, during each tidal cycle. 

5. At high tide, the deck of a boat is 1.0 m above a wharf. The tide causes the 
boat to rise and fall with simple harmonic motion of amplitude 2.0 m and 
period 12 hours. For what fraction of the tidal cycle is it necessary to step 
down from the wharf to the deck of the boat?

 Phasors and simple harmonic motion equations 
The reference circle allows problems involving time and displacement to be solved, and therefore allows the 
velocity and acceleration of an object moving with simple harmonic motion to be calculated. 

The radius of the reference circle equals the amplitude of the simple harmonic motion.

When an object moves at constant speed in a circle, the size of its velocity is given 
by v = r. The speed of the reference particle is, therefore, vr = A

When an object moves at constant speed in a circle, its acceleration is centripetal 

and is given by a = 
v
r

2

 . Substituting vr = A and r = A gives ar = A2

The diagram shows vectors for the displacement, velocity and acceleration of the 
reference particle.

Phasors
As the reference particle goes around the circumference of the reference circle (in an anticlockwise direction), the 
vector for its displacement rotates about the centre of the reference circle (also anticlockwise). A rotating vector is 
called a phasor. The vectors for both the velocity and acceleration of the reference particle can each be put into 
their own reference circles. Within their own reference circle, each vector is rotating about the centre of the circle 
and so becomes a phasor. The following diagrams show the displacement, velocity and acceleration phasors at 
the instant shown in the previous diagram. At all times, the displacement, velocity and acceleration of the simple 
harmonic motion particle, P,  is the vertical component of the displacement, velocity and acceleration phasor. 
Calculating the size of the vertical components gives equations for the motion of the simple harmonic motion 
particle.

y A
A

A 2
a

P (at t = 0)

y = A sin t v = A  cos t a = –A 2 sin t

 = t

P (at time t)

Displacement phasor

 = t

v
 = t

Velocity phasor Acceleration phasor

A

vr = A

ar = A 2

L3 Mechanical systems LWB.indd   62L3 Mechanical systems LWB.indd   62 1/18/16   3:47 PM1/18/16   3:47 PM



© ESA Publications (NZ) Ltd  –  ISBN 978-0-908340-35-4  –  Copying or scanning from ESA workbooks is limited to 3% under the NZ Copyright Act.

 Force, momentum and energy
– NCEA Level 2 physics revision (page 1)
1 a.  

  

Fg

Ff

FR

b. The component of gravity acting down the slope.
c. Friction acting up the slope.

d.  Fg(component down the hill) = Ffriction

  Ff  = Fg × sin 5.0° = 980 × 9.81 × sin 5.0 = 837.89
= 840 N

e.  The reaction force is acting against the component of gravity, 
which is perpendicular to the slope.

f. Fg(component into the slope) = FReaction

  FR  = Fg × cos 5.0° = 980 × 9.81 × cos 5.0 = 9577.2
= 9 600 N

2. a. i.  
FT1

FT2

FTR

ii.  The load is stationary, so the forces on it are balanced. The 
only other force acting is gravity, vertically downward. The 
resultant tension force must therefore have the same size 
as the gravity force and be acting vertically upward.

b. FT1 = FT2  = Fg × cos45° = 5 000 × 9.81 × cos 45° = 34 684 
= 35 kN

c. i.  The resultant tension force must increase because it now 
provides the accelerating force as well as balancing the 
gravity force.

ii. Funb = ma = 5 000 × 0.10 = 500 N, upward
iii.  FT1 = FT2 = FT × cos 45°, but FT = Fg + Funb

= 5 000 × 9.81 + 500 = 49 550
 FT1 = FT2 = 49 550 × cos 45° = 35 037 = 35 kN

3. a.  At the edge of the platform – i.e. 2.0 m from the unsupported 
end of the plank.

b.  

Gravity (vertically down), friction (up the slope), reaction 
(at right angles out of the slope).

The weight force of Lauren at her position on the supported 
end of the plank, the weight force of Sean at his position on 
the unsupported length of the plank and the reaction force of 
the platform, vertically upwards from the pivot point (edge of 
platform). 

 ANSWERS

c.  FgLauren × dLauren = FgSean × dSean  43 × 9.81 × (3.2 – 2.0) 
= 76 × 9.81 × dS  dS = 0.6789 = 0.68 m 

  Balanced torques. 

4. a. Zero.  The ball is stationary. 

b. p = mv = 0.425 × 24.0 = 10.2 kg m s–1

c. p = pfi nal – pinitial = 10.2 kg m s–1

d. p = Ft  10.2 = F × 0.010  F = 1 020 = 1 000 N
5. a. p = mv = 0.420 × 0.300 = 0.126 kg m s–1 

b. p = mv = 0.200 × 0.320 = 0.0640 kg m s–1 
c. p = 0.126  + 0.0640 = 0.126  + –0.0640  

 p (before) = 0.062 kg m s–1 

d. pafter = pbefore  pafter = 0.062 kg m s–1 

e. m = 0.420 + 0.200 = 0.620 kg
f. p = mv  0.062 = 0.620 × v  v = 0.100 m s–1

6. a.  p = mv = (52.0 + 13.0 + 1.8) × 1.1 = 73.48 
 pinitial = 73.5 kg m s–1 

b. p = mv = (52.0 + 13.0) × 1.15 = 74.75 
 pfi nal = 74.8 kg m s–1 

c.  pinitial(girl+trolley+rock) = pfi nal(girl+trolley) + pfi nal(rock) 
 pfi nal(r) = pinitial(g+t+r)  – pfi nal(g+t)  = 73.48  – 74.75  
= –1.27   pfi nal(r) = 1.27 kg m s–1 

d. p = mv  1.27 = 1.8 × v  v = 0.7056 = 0.71 m s–1

e. vrock = 0.71 , vgirl = 1.15   vrock relative to girl  
= 1.86 m s–1 

7. a. EK = ½mv2 = ½ × 25 × 3.02 = 112.5 = 110 J
b.  Eheat = EP(lost) – EK(gained)

EP(lost) = mgh = 25 × 9.81 × 1.5 
= 367.875  Eheat = 367.875 – 112.5 = 255.375 = 260 J

 Conservation of momentum (page 5)
1. a.  ptotal = 0.035 × 2.1 = 0.0735 = 0.074 kg m s–1 

Before the collision: ptotal = pwhite + pblack. The black ball is 
stationary, so pblack = 0.

b.  Since there are no external forces acting on the balls, momentum 
is conserved. This means the fi nal total momentum is the same 
size and has the same direction as the initial total momentum, 
which is 0.074 kg m s–1 .

c. ptotal(after)  = pwhite  + pblack 

d. 

PblackPwhite

Pafter

 pwhite = mv = 0.035 × 1.8 = 0.063 
From the triangle, pblack

2 = 0.0632 + 0.07352 
 pblack = 0.0968 
= 0.097 kg m s–1
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e. pblack = mv  v = 0.0968

0.040
 = 2.4201 = 2.4 m s–1

f.  = cos –1 0.0735

0.0968
 = 40.598 = 41˚

  The angle  in the diagram is the required angle. 

g. i.  When the ball hits the fl oor, the reaction force of the ball 
on the fl oor is an external force, and so momentum is not 
conserved.

ii. 

PB

PC

PA

 pA = 0.64 × 0.011 = 0.00704 kg m s–1

 pB = 0.35 × 0.015 = 0.00525 kg m s–1

  pC
2 = 0.007042 + 0.005252  pC = 0.008782 

= 8.8 × 10–3 kg m s–1

iii. The angle  in the diagram is the required angle.

  = 180 – tan–1 0.00525

0.00704
 = 180 – 36.713 = 143.29 

= 140°
2. a. ptotal(before) = (3.5 × 2.9) + 0 = 10.15 = 10 kg m s–1 

b. ptotal(after) = ptotal(before)  = pbowl  + pjack 

c. pjack  = 10.15  – (3.5 × 2.8) 
pjack

2 = 10.152 – 9.82 
 pjack = 2.642 = 2.6 kg m s–1

d. p = mv  2.642 = 0.500 × vjack 

 vjack = 5.284 = 5.3 m s–1

e. In the diagram alongside,  is the 
required angle.

  = cos –1 2.642

10.15
 = 74.91 = 75°

f. There must be no external forces acting on the bowl and jack.

3. a. prock(before) = 0

b. ptotal(after) = 0

c. 0 = pA + pB + pC  pC = –pA  – pB  
 pC = pA + pB   Reversing signs and reversing arrows. 
 pC

2 = pA
2 + pB

2  pC
2 = (1.6 × 4.8)2 + (0.67 × 5.2)2 

 pC = 8.4333 = 8.4 kg m s–1

d. p = mv  8.4333 = (3.6 – 1.6 – 0.67) × vC  vC = 6.3408 
= 6.3 m s–1

e.   Because  +  =  

f. Vertical motion will be affected by reaction force from the ground 
and gravity. Both of these are external forces.

g.  During the explosion, the internal forces acting between the 
fragments of rock are large enough for friction to be insignifi cant.

h.  Once the explosion has fi nished, there are no longer any internal 
forces acting. Friction is now the only force acting, and is 
therefore signifi cant. Friction will slow down the fragments of 
rock.

4. a.  ptotal(before) = 0 = ptotal(after) 
0 = pgirl + (1.2 × 1.6)  + (0.86 × 1.6) 
 pgirl = –(1.2 × 1.6)  – (0.86 × 1.6)  
= (1.92)  + (1.376)   Reversing signs and reversing arrows. 

  pgirl
2 = 1.922 + 1.3762  pgirl = 2.3622 = 2.4 kg m s–1

b. p = mv  2.3622 = 52 × vgirl 
 vgirl = 0.04543 = 0.045 m s–1

c.   Because  +  =  

Pbowl

2.642

10.15

 Change in momentum (page 8)
1. a.  pinitial = 0.035 × 4.0 = 0.14

pfi nal = 0.035 × 3.0 = 0.105
 pi = 0.14 kg m s–1

pf = 0.11 kg m s–1

b.  change = fi nal – initial  p = pf  – pi   p = pf  + pi

Changing subtraction into addition by reversing the direction 
of the arrow.

c. p2 = 0.142 + 0.1052  p = 0.175 = 0.18 kg m s–1

 

0.14

0.105
p

d. p = Ft  0.175 = F × 0.010  F = 17.5 = 18 N
e. In the equation p = Ft, both p and F are vectors, but t is not. 

Therefore, p and F are in the same direction.

f.  By Newton’s 3rd law, action and reaction forces are equal and 
opposite. If the force exerted (by the blue ball) on the white ball 
is 18 N , the force exerted by the white ball on the blue ball is 
18 N .

2. a. p = pf – pi  p = pf + pi

b. p2 = 122 + 9.02  p = 15 kg m s–1 

–pi = 3.0 × 3.0pf = 3.0 × 4.0

p

c. p = Ft  15 = F × 1.5  F = 10 N

d.   = tan –1 9.0

12
= 36.87. Therefore, the force acts at 37° to the 

fi nal direction of the rock.

  In the diagram for 2. b., the angle  is the one required. 

3. a.  pinitial = 0.155 × 29.6 = 4.588
pfi nal = 0.155 × 48.2 = 7.471 
 pi = 4.59 kg m s–1, pf = 7.47 kg m s–1

b. p = pf – pi  p = pf + pi 
 p2 = 4.5882 + 7.4712  p = 8.7673 = 8.77 kg m s–1

c. p = Ft  8.7673 = F × 0.38  F = 23.072 = 23 N
d.  By maintaining the swinging action, the batter keeps the bat 

in contact with, and therefore exerting a force on, the ball for a 
longer time. As the change in momentum depends on how long 
the force is acting on the ball, the momentum change, and hence 
fi nal speed, will be increased if the contact time is increased.

4.  The change in momentum of the head hitting the windscreen is the 
same for both types of glass. However, the time of impact is increased 
if the glass fl exes. Since p = Ft, if t increases, F must decrease, and so 
the force on the head is reduced, leading to fewer injuries.

5.  When catching the ball, its momentum must be reduced to zero. When 
a player recoils their hands, the time for the ball to lose all momentum 
is increased. Since p = Ft, if the time increases, then the force of the 
ball on the player’s hands (and the pain infl icted) are decreased.
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