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Translational motion

Centre of mass
The term system is used to describe two or more objects when they need to be considered as a single 
object.

The motion of a system can be treated in the same way as the motion of a single object provided it is the 
centre of mass of the system that is considered.

The centre of mass of a system is the position at which (if it were possible to do so) objects would balance if 
pivoted. It is therefore also the position about which the torques of the individual objects will be balanced.

About the centre of mass: τanticlockwise = τclockwise

where: τ = Fr

Momentum
The momentum of a system can be found from its total mass and the velocity of the centre of mass.

psystem of objects A and B = (mA + mB) vcentre of mass

The momentum of a system can also be found from the sum of the momenta of the individual objects.

(mA + mB) vcentre of mass = mAvA + mBvB

If there are no external forces acting on the objects in a system it is called an isolated system. Momentum 
is conserved in an isolated system, so the sum of the momenta of the individual objects stays constant. This 
means the velocity of the centre of mass will stay constant no matter what happens to the individual objects.

Conservation of momentum in two dimensions
If two objects collide or an object explodes, providing there are no external forces acting on them, the total 
momentum of the objects before the collision (or explosion) is equal to the total momentum of the objects 
after the collision (or explosion). This is the principle of conservation of momentum.

As momentum is a vector quantity, total momentum must be calculated using vector addition.

Impulse in two dimensions
When a force acts on an object, its velocity, and hence its momentum, are changed. Change in 
momentum, Δp, is called impulse.

impulse, Δp = pfinal − pinitial

When the change in momentum includes a change in direction, the calculation of impulse must be done 
by vector subtraction.

The longer the force acts, the greater the change in momentum. If the force remains constant, the change 
in momentum is calculated from:

impulse, Δp = Ft
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Circular motion
If an object is moving in a circle, its direction of motion, at any point in 
time, is a tangent to the circle. As the object moves around the circle, 
the direction of its motion changes and so its velocity changes.

Change in velocity is acceleration. Acceleration is caused by a force. A 
force that causes motion in a circle is called a centripetal force and the 
acceleration of the object is called centripetal acceleration.

Centripetal force (and acceleration) always acts towards the centre of the 
circular motion and at right angles to the direction of the circular motion.

Circular motion at constant speed
If the circular motion of an object is at constant speed, the centripetal force is constant and can be found from:

Fc = mv
r

2

where   m is the mass of the object in kilograms 
v is the constant speed in m s−1 
r is the radius of the circular motion in metres.

The relationship between centripetal force and centripetal acceleration is the same as all force-acceleration 
relationships.

Fnet = ma ⇒ Fc = mac ⇒ ac = v2

r

The constant speed of an object moving in a circle can be found from the time it takes to travel one 
complete circle (the period, T) and the distance travelled in one complete circle (the circumference = 2πr).

Using speed = 
distance

time
 = 

circumference
period

; constant speed in a circle, v = 2πr
T

Centripetal force
If an object moving at constant speed in a circle has two or more forces acting on it, the centripetal force is 
the vector addition of the forces.

Example

FR

Fg

Fg FR

Fc

When a car is travelling at the critical speed at 
which the sideways frictional force is zero, the 
centripetal force is the vector sum of the gravity 
force and the reaction force. Because the car is 
travelling in a horizontal circle, the centripetal 
force must be horizontal.

The vector diagram shows this addition.

20°

FR

Fg

A car of total mass 1 100 kg is travelling horizontally around 
a corner of radius 50 m that is banked at 20°. Calculate 
the speed of the car if friction does not provide any of the 
centripetal force. Use g = 9.8 N kg−1.

 Fc = mv
r

2

To find v, Fc must first be calculated.

v
v

ac

Fc

Fc ac

3.4
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The diagram shows the vector addition of FR and Fg to give Fc.

 Fc = Fg tan 20° [from the right-angled triangle]

  = 1 100 × 9.8 × tan 20 [Fg = mg, g = 9.8 N kg−1]

  = 3 923.60 N

 v = 
F r
m
c  [rearranging Fc = mv

r

2

]

  = 
3 923.60  50

1 100
×

 [substituting unrounded values]

 speed = 13 m s−1 [rounding 13.3546 to 2 sf]

Fg
FR

Fc

20°

Vertical circular motion
If an object is moving in a vertical circle its gravitational force will influence its circular motion.

Because gravity force always acts vertically downwards 
and centripetal force always acts towards the centre, the 
contribution of the gravity force to the centripetal force 
changes as the object moves around the circle.

At the top of the circle, because the gravity force acts in the same 
direction as the centripetal force, it is possible for it to be the only 
force providing the centripetal force. When this happens:

Fg = mv
r
min

2

The speed when gravity force is the only force providing the centripetal force is the minimum speed at 
which the object can travel and still maintain its circular motion.

Vertical circular motion also involves changes between kinetic energy and gravitational potential energy. If 
friction can be ignored, mechanical energy will be conserved.

Example
A child has a loop-the-loop track for a toy car as shown in  
the diagram. The mass of the car is m and the loop  
has a radius of 0.45 m. Assume frictional effects can be  
ignored and use g = 9.8 N kg−1.

a.     Calculate the minimum speed that the toy car 
must have at the top of the loop if it is not to fall 
off the track.

b.     Calculate the height, h, at which the car must be released  
to give it this minimum speed at the top of the loop.

Answers
a.     At the minimum speed, the centripetal force on the car will be provided by its gravity force 

only.
 Fc = Fg

⇒ 
mv

r

2

 = mg

⇒ v = g r  ×  [rearranging and cancelling m]

  = 9   0. .8 45×

 minimum speed = 2.1 m s−1

h 0.45 m
2r

Fg acts against the centripetal force

Fg acts with the centripetal force
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b.     The kinetic energy of the toy car at the top of the loop has been gained from gravitational 
potential energy lost as it travels down the track. As the car travels from its release position 
to the bottom of the loop, it loses gravitational potential energy mg × h. As it rises to the 
top of the loop, it gains gravitational potential energy mg × 2r. The kinetic energy at the 
top of the loop will be the difference between these two values:

 EK(top of loop) = (mg × h) − (mg × 2r)

  = mg(h – 2r)

  = 9.8 × m(h − 2 × 0.45)  [no value given for m so leave m in the 
equation]

 EK(top of loop) = 1
2

mv2

  = 0.5 × m × 2.12  [no value given for m so leave m in the 
equation]

  = 2.205 × m

so, 9.8 × m(h − 2 × 0.45) = 2.205 × m

 h − 0.90 = 0.225 [cancelling m and dividing by 9.8]

⇒ h = 1.1 m [rounding 1.125 to 2 sf]

Circular motion and gravity

m

M
r

Any object that has mass is surrounded by a gravitational field. The strength 
of the gravitational field at a distance, r, from the centre of a mass, M, is:

   g = 
GM
r 2

 where  G is the universal gravitational constant which has  
the value 6.67 × 10−11 N m2 kg−2

Another object of mass, m, placed in this gravitational field, feels a gravitational force:

   Fg = mg

  ⇒ Fg = GMm
r 2

The strength, g, of the gravitational field is also the acceleration of any object in free fall in the gravitational 
field. The unit of measurement for g can therefore be either N kg−1 or m s−2.

Orbital motion

Earth

Moon

The centripetal force that causes a satellite to 
orbit around a central object is a gravitational 
force.

   Fg = Fc ⇒ GMm
r 2  = mv

r

2
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Example
A satellite of mass 95 kg orbits the Earth at a height, h, of 3.8 × 106 m. The mass, M, of Earth 
is 5.98 × 1024 kg, the radius of Earth, rE, is 6.37 × 106 m and G is the universal gravitational 
constant which has the value 
6.672 × 10−11 N m2 kg−2

a. Calculate the gravitational force on the satellite at this height.

b. Calculate the speed at which the satellite is moving.

c. Calculate the time it takes the satellite to orbit the Earth.

Answers
a. Fg = GMm

r 2

  = 
6.672  10   5.98  10   95

(6.4  10   3.8  10 )

–11 24

6 6 2

× × × ×
× + ×

 [r = rE + h]

 gravitational force = 360 N [rounding 364.318 to 2 sf]

b.  Fg = mv
r

2

 ⇒ v = 
Fgr

m  [rearranging the formula]

   = 
364 318 10 2 10

95

6. .    × ×
 [substituting unrounded values]

  speed = 6 300 m s−1 [rounding 6 254.30 to 2 sf]

c.  v = 
2πr
T

  [speed = distance around the orbit ÷ time around 
the orbit]

 ⇒ T = 
2πr
v  [rearranging the formula]

   = 
2 10.2 10

6 254.30

6π × ×  [substituting unrounded values]

  time = 2.8 hours [10 247.11 s changed to hours and rounded to 2 sf]
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P
ra

ct
ice question

s Questions 
Translational and circular motion

Question One: Satellites
Universal Gravitational Constant  = 6.67 × 10–11 N m2 kg–2

Mass of the Earth   = 5.98 × 1024 kg

Radius of the Earth   = 6.37 × 106 m

Acceleration due to gravity  = 9.81 m s–2

A satellite, in a circular orbit around the Earth, has a rotational period of 2.00 hours. The satellite is orbiting 
above the Equator, and is moving in the same rotational direction as the Earth.

a. All satellites, at any height, are said to be weightless. 

 Explain.

b. Calculate the height, above the Earth’s surface, of the satellite. 

 Year 2016  
Ans. p. 110
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c. Calculate the angular velocity of the satellite relative to the Earth. 

d. Calculate the angle, measured with respect to the centre of the Earth, through which the satellite will 
be visible to the observer at the Equator. 

e. There are limits to the largest and smallest periods of an Earth satellite. 

 Discuss this statement.
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Question Two: The vertical circle
A small ball of mass m, hangs from a light, 
inextensible string attached to a fixed horizontal post 
of radius r1, as shown.

The ball is hit horizontally with a large bat so that the 
ball wraps the string around the post.

2r1

r2

m

a. Show that the ball’s speed at the top of its first swing must be at least vtop =  ⎛
⎝
⎜

⎞
⎠
⎟g r2 –

πr1

2
 so that the 

string remains taut.

b. For the speed of the ball in a., show that the initial speed must be at least vinitial =  ⎛
⎝
⎜

⎛
⎝
⎜

⎞
⎠
⎟g 5r2 –     – 2 r1

3π
2

⎞
⎠
⎟.

c. Assuming an elastic collision, show that the speed of the bat is approximately half of the ball’s initial 
speed. State any other assumptions made, and the reasons for them.

d. As the ball completes its first orbit around the post, explain why the ball appears to be travelling at a 
speed greater than its initial value.

 Year 2015  
Ans. p. 111
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Question Three: Cricket – throw in from the boundary
Acceleration due to gravity = 9.81 m s–2

a. Show that the range, R, of a projectile thrown from ground level at angle, φ, to the horizontal with 

starting velocity, v, is v
2sin2φ

g
 . (Note that 2 sinφcosφ = sin 2φ.)

b. A cricket ball is thrown from ground level with a velocity 28.0 m s–1, and hits a target on the ground 
80.0 m away. Show that the time of flight of the ball is 4.04 s. The effects of air resistance can be 
ignored.

c. The ball is now thrown at the same target, with the same initial speed, but at a lower angle. This time, 
it is aimed to bounce in front of the target, so that it hits the target on the second bounce. When the 
ball bounces the first time, it rebounds with the same angle as it came in, but it loses half its speed.

 i. Calculate the time taken for the ball to reach the target.

 ii. Discuss, with physical reasons, the difference in times between parts b. and c. i.

d. Any real throw of a ball would be from approximately head height, rather than from ground level.

 Show that the range achieved by a throw from a height of 2 m above the ground would be 
 ⎛

⎝
⎜

⎞
⎠
⎟

g
vcosφ φvsin +   v2sin2  + 4gφ

 Year 2015  
Ans. p. 111
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Question Four: The wooden sheets
Uniform sheets of wood of mass 50 kg and length 2.40 m are moved around a production mill by powered 
rollers. After their initial acceleration, the wooden sheets move without slipping at a constant velocity of 
2.00 m s–1.

The frictional force between the rollers and the wood can be calculated using Ffriction = µN, where µ is the 
coefficient of friction between the wood and the rollers, and N is the normal reaction force on the wood.

2 m s–1

a. Explain why no work is done on the wooden sheet when it is travelling at constant velocity.

b.

BA

 One of the rollers has a drive gear malfunction and rotates in the opposite direction, as shown above. 
The wooden sheet is initially displaced towards the right-hand roller.

 Show, by taking moments about the centre of mass of the sheet, that the normal reaction force acting 

 through point A is NA = 
2d

mg(d – x)
where 2d is the distance between the centres of the two rollers, 

 and x is the displacement of the centre of mass of the wooden sheet from the midpoint between the 
rollers.

 Year 2014  
Ans. p. 112
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Chapter 2:  Achievement Standard 91523 
(Physics 3.3): Demonstrate 
understanding of wave systems

3.3 Interference

Question One: Sound from a loudspeaker
a. At a maximum, both waves arrive in phase. As the frequency 

is increased, the wavelength will decrease (since we can 
assume constant velocity) and therefore, as the path 
difference is constant (1.2 m), at some frequency the waves 
will be completely out of phase (minima).

b. The lowest frequency to generate a maximum = 200 Hz

Can be seen by considering the factors of 1 000 and 
1 200 Hz

  The longest wavelength possible for a maximum is 1.2 m (the 
path difference).

 Speed of sound = fλ = 240 m s–1

Question Two: Interference
a. The fringes will be brighter since there are more slits present.

  The fringes will be sharper because the destructive 
interference between the bright fringes will be greater.

  The fringes will have the same separation in both cases, as 
they both have the same slit separation.

b. The wavelength of the light will reduce.

The velocity has decreased while the frequency has 
remained constant.

  With reduced wavelength the separation of the fringes will 
become smaller, since nλ = dsinθ.

With reduced wavelength the angle will be reduced.
c. The light through the top slit is slowed down and so is now 

out of phase with the bottom slit light. The position on the 
screen where the two rays will be in phase must have the 
bottom slit light move through more phases to realign the 
phases.

This happens at some position up the screen.

d. The ray from the uncovered slit travels an extra 5 
wavelengths to compensate for the extra phase difference 
introduced by the thin film.

That extra phase difference is equal to the number of 
wavelengths travelled through the material minus the 
number of wavelengths travelled through the same distance 
in air.

      
m

t
λ

 – 
a

t
λ

  = 5

                   λm  = a

n
λ

         1.6t – t  = 5λa

p. 7

 t = 
.
5

0 6
 × 500 × 10–9 = 4.17 × 10–6 m

  t is the distance travelled; therefore the thickness of the slice 
will be ≤ t

The ‘less than or equal to’ sign relates to the fact that the 
light is travelling through the material at an angle.

e. With white light there will be a white central maximum 
flanked by overlapping coloured fringes.

Question Three: Wave/particle duality
a. By stating the kinetic energy equation and using the 

equation for momentum:

 EK = ½mv2

 ⇒ EK = 
p
m2
2

 p = mE2

 λ = h
p

 ∴ λ = h
mE2

b. i. The intensity maxima and minima occur when the 
path difference from the two slits is an integral, or half 
integral, number of wavelengths, respectively.

  For intensity maxima:

  ∴ d sin θ = nλ = nh
p  = nh

mE2
 

 ii. For intensity minima:

  ∴ d sin θ = (n – ½)λ = 
n 1

2 h

p  = 
n 1

2 h

2mE
c. The fringes of intensity maxima are poorly defined because 

their positions depend on the wavelength. Since there is 
a spread of energies, this implies a spread of wavelengths, 
which therefore implies a spread of positions.

d. For first order, the outer angle, ø1, is given by:

 sin ø1 = h

d 2m E E( )

For second order, the inner angle, ø2, is given by:

 sin ø2 = 2h

d 2m E + E( )

At overlap, sin ø1 = sin ø2

 h

d 2m E E( )
 = 2h

d 2m E + E( )

 2m(E + E)  = 2 2m(E E)

 2m(E + ΔE) = 8m(E – ΔE)

 E + ΔE = 4E – 4ΔE

 5ΔE = 3E

 ΔE = 3E
5

 Thus, ΔE ≤ 3E
5  

Answers and explanations
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Question Four: Spectroscope
d sin θ = nλ

 d = 587.563 10 9

sin 20.6426°

 d = 1.66 × 10–6 m

Number of lines per cm = 6 000 Since n = 1
d

Question Five: Diffraction
a.  Diffraction: A slit about the same size as the wavelength is 

needed to get maximum diffraction.

  Interference: If the slits are close enough for the diffracted 
waves to overlap, then they will interfere.

 d should be more than the wavelength.

  The waves should have the same frequency, amplitude and 
phase difference (coherence).

b.  nλ = dx
L

 is based on the assumption that tan θ is of the order

 of sin θ which is true only for small angles.

  nλ = d sin θ is valid for angles up to 90 degrees. Both these 
are derived on the basis that L >> d.

c. x << L therefore (2 – 0.5)λ = dx
L

  Remember that this is a case of destructive interference. 

 d = 2 × 10–5 m

 L = 1.20 m

 λ = 632 × 10–9 m    rearranging for x and solving, we find

 x = 5.69 cm

d. nλ = d sin θ = 1 380 nm from data given.

 Therefore n and λ are (for red) n = 2 and λ = 690 nm

 For blue/violet n = 3 and λ = 460 nm

  For realistic values, nλ must be less than 
d (maximum angle = 90 °) = 3 333 nm.

  The only other pair of integers which are in the ratio

 3m : 2m with m less than 3 333
1380

 (= 2.4) is 6 : 4.

  Therefore there is only one more pattern in the range 0° to 
90° given by

 sin θ = 6 × 460
3 333

 θ = 55.9 °

 Yes. Only one at 55.9 °.

Question Six: Interference
a. Using the concepts of constructive and destructive 

interference.

  The path lengths that the two beams follow to the receiver 
will change in length as the receiver moves. When the two 
path lengths differ by a whole number of wavelengths, 
constructive interference (high intensity) will occur. When the 
two path lengths differ by an odd number of ½ wavelengths, 
destructive interference (low intensity) will occur.

b.  Given that there is no phase change on reflection, both 
beams will arrive having travelled almost the same distance 
and therefore will arrive in phase, resulting in constructive 
interference.

c. By considering the situation shown, it can be seen that, 
effectively, there is a virtual source at position a below the 
bench.

  nλ = d sin θ = dx
L

       Small angle approximation. 

 and sin θ = 
y
s

  nλ = dx
L

 = 
2ay

s

d.  The reflection of light at a hard surface causes a phase 
reversal. This means the two waves interfering have opposite 
phase and so destructive interference will take place.

3.3 Standing waves in strings and pipes

Question One: Vibrating wires

a. f = s–1 r = m vw = m s–1

 St = fr
vw

 = s–1 m
m s–1  = 1 (dimensionless)

 By considering the units of each quantity in the relationship.

b. By considering Newton’s second law.

  If the tension increases, then the wire will experience a 
greater acceleration, leading to a greater velocity. If the mass/
length is lower, then the acceleration experienced will also be 
greater, leading to a greater velocity. 

c. The tension in one wire will be half the total weight.

The radius of the wire can be found by the given relationship 
and by considering a cylindrical wire the mass/unit length 
can be found.

 

 T = 175 × 9.81
2

 = 858

 St = fr
vw

 ⇒ r = 10–2 m

 μ = π × (10–2)2 × 8 × 103 = 2.51 kg m–1

 v = 858
2.51

 = 18.48 = 18 m s–1

d. i.  The two tensions must add to give the overall weight force.

  T1 + T2 = 175 × g = 1 716.75 N

  Taking torques about cable 2 (this is the cable furthest 
from the person) gives:

  4 × T1 = 2 × 100 × g + 3 × 75 × g

  Solving and using the given relationship and v = f λ, we 
can find both wavelengths.

  T1 = 4 169.25
4

 = 1 042 N

  T2 = 674.4375 N

  v1 = 
T1
μ  = 20.365 m s–1

  v2 = 
T2
μ  = 16.381 m s–1

  Wavelength 1 = 
v1

200  = 10.18 cm

  Wavelength 2 = 
v2

200  = 8.19 cm

 ii.  Beats require slightly different frequencies. No beats will 
be produced if the wind speed is the same for both wires. 
Altering the wind speed across one of the wires could 
produce beats.

Question Two: Waves on strings
a. Velocity unit is m s–1; tension is N = kg m s–2; μ is kg m–1

 Dividing T by μ we get m2 s–2

 Then, taking square root, we get the desired result.

b. String 1: v1 = 
T1

μ1
 = 

m1g
μ1

 

 λ1 = 2L v1 = λ1f1

 2Lf1 = 
m1g

μ1

 String 2: λ2 = 
2
3
L

p. 14
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