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1 Understanding the 
physical world

1.1 Communicating in science
For students of science to be successful they need more than just a lot of knowledge. They must also 
develop the skills, attitudes and values to enable them to interact with the wider community and 
communicate their knowledge in an appropriate and meaningful manner. 

Scientific communications use vocabulary, symbols, models, rules and conventions and students 
must know this scientific language so that they can develop an understanding of socio-scientific 
issues and express their knowledge and opinions effectively.

Students must be confident in the use of physical quantities, units, Greek symbols and number 
forms.

Physical quantities and SI units
The study of physics involves the 
measurement and analysis of physical 
quantities. For consistency of 
measurement all quantities are measured 
in S.I. units (an abbreviation of the French 
'Système International d’Unités'). The seven 
fundamental quantities and their units are 
shown in the table at right.

Derived units
All other physical quantities are derived from the fundamental quantities listed above. The table 
below shows some of the derived quantities and units that are used in this book.

Quantity Unit

Name Symbol Name Symbol

Length L, d, r metre m

Mass m kilogram kg

Time t second s

Temperature T kelvin K
Electric current I ampere A
Luminosity L candela cd
Amount of a substance n mole mol

Derived quantity Unit

Name Symbol Name Symbol Fundamental units

Acceleration a metre per second2 m s-2

Force F newton N kg m s-2

Power P watt W kg m2 s-3

Frequency f hertz Hz s-1

Potential difference V volt V kg m2 s-3 A-1
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Symbols
Mathematical symbols and Greek letters are frequently used when writing physics statements or 
equations. The table below shows some of the symbols that are used and what they mean. 

Name Symbol Meaning/Use

Equal to… = Two sides of an equation have the same value

Not equal to… ≠ Two sides of an equation are not the same

Approximately equal to… ≈
Two sides of an equation can be considered to be the same to simplify a 

solution, e.g. for small angles sin   ≈  

Exactly equal to… 
Quantities with a precisely defined value, e.g. the mass of a carbon 

atom is defined as mcarbon  1.2 × 10-2 kg mol-1

Less than…
The quantity on the left is less than the quantity on the right of an 

equation

Less than or equal to… ≤
The quantity on the left is less than or equal to the quantity on the 

right equation

Plus or minus ±
The quantity could be either positive or negative

e.g. √16 = ± 4

Change in…   
(delta)

Found by calculating the difference between the final and initial values 

of a changing quantity, e.g.  the change in velocity, v = vf  - vi 

Proportional to… 

The change in one quantity results in the same sized change in 

another quantity, e.g.  Fnet  a so doubling the net force will double the 

acceleration

Infinity  a number greater than any real number; without limit

Angles            
(theta) (phi)

Used to indicate angles

Sum of …   
(sigma)

Found by adding all relevant values together 

e.g. the net force, Fnet = F = F1 + F2 + F3 + …

Number forms
Very large and very small numbers may be expressed in four forms: number, scientific notation, 
engineering notation or prefix notation.

Form Notation Coefficient Exponent Example:  the speed of light, c

Number a a none 299 792 458

Scientific a × 10b 1≤ a 10 b is any whole number 2.99792458 × 108

Engineering a × 10b 1≤ a 1000 b is any multiple of 3 299.792458 × 106

Very large and very small numbers may also be expressed using prefixes, for example  
centimetres (cm), where centi means × 10-2. The standard prefixes are shown below.

Prefix Symbol Multiplier Example Prefix Symbol Multiplier Example

kilo k × 103 km, kilometres milli m × 10-3 mA, milliamps

mega M × 106 MHz, megahertz micro μ × 10-6 μT, microtesla

giga G × 109 GW, gigawatts nano n × 10-9 nm, nanometres

tera T × 1012 TB, terabytes pico p × 10-12 pg, picograms

All prefixes must be converted to one of the number forms above, before they are used in equations.
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Exercise 1A

1 Using the tables on page 4 determine the unit(s) for the following combinations of quantities. 
Determine the quantity that the combination can be used to calculate.

a  

b 

c 

d 

2 Convert the following quantities into the fundamental S.I. unit(s) and express them in 
engineering form.

a 62 nanoseconds     

b 240 kilovolts     

c 9.9 gigawatts     

d 147 centimetres     

e 583 milligrams     

Significant figures
The accuracy of any number is represented by the number of significant figures or (s.f.). The rules 
for applying significant figures are presented below.

Rule Example
Number of 
significant figures

Scientific 
notation

All non-zero digits are significant 43.21 4 s.f. 4.321 × 101

Zeros between numbers are significant 2000.1 5 s.f. 2.0001 × 103

Trailing zeros after a decimal point are significant 0.00900 3 s.f. 9.00 × 103

Leading zeros are not significant 0.0007 1 s.f. 7× 10-4

Trailing zeros after a number not containing a decimal 
point may or may not be significant and must be 
clarified by an s.f. statement of using scientific notation

500
1 s.f.
or

3 s.f.

5 × 102

or
5.00 × 102

When combining numbers by multiplying or dividing, the final answer should be given to the least 
number of significant figures in the supplied data. However, when combining numbers by adding or 
subtracting (for example when calculating averages) the final answer should be given to the least 
number of decimal places.

Mathematics
Physics is a bilingual subject and students must be able to use both language and mathematics skills 
equally competently. Appendix 1 contains a number of important mathematical formulas used in 
Level 2 Physics which students should be familiar with. It also introduces logarithms, a mathematical 
tool which some students may be familiar with.

change in velocity
change in time

mass x change in velocity
change in time

power
current

1
frequency

147 cm = 1.47 ´ 100 m

583 mg = 583 ´ 10-6 kg

62 ns = 62 ´ 10-9 m

240 kV = 240 ´ 103 V

9.9 GW = 9.9 ´ 109 W

ms
s

ms   acceleration
−

−=
1

2   

W
A

 
kg m s

A
kg m s  A V   or   

W
           = = =

−
− −

2 3
2 3 1

AA
Js
Cs

J
C

V voltage           = = =
−

−

1

1  

kg m s
s

kg m s  force
−

−=
1

2   

1
1s

s time− =   
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3 Change the following mathematical statements into written statements. 

a              

b P   V   

c Itotal = Iindividual      

4 Change the following written statements into mathematical statements.

a The constant, k is defined as being exactly 2 × 10-7 T m A-1.

 

b The forward forces do not equal the backwards forces.

 

c Frequency is inversely proportional to time.

 

5 Round the following numbers to the stated number of significant figures or decimal places.

a 0.000 062 to 1 s.f. 

b 249 854 to 1 s.f.  

c 1.009 556 to 4 s.f. 

6 The following equations have been solved but the answer has not been recorded correctly. In 
each example write the answer to the correct number of significant figures or decimal places, 
and explain your decision.

a 452.65 × 100 = 45 265 

 

b 0.2049 × 1.0 × 103 = 204.9 

 

c 15.25 + 16.0 + 15.75 = 47 

 

7 Speeds are often quoted in km h-1 in everyday discussions, but 
scientists always use m s-1. The ability to convert between the 
two is important.

a Show that a speed of 1 m s-1 is equal to 3.6 km h-1.

 

 

 

 

a =  v
      t

Small units to BIG units

BIG units to small units

 3.6

 3.6

Acceleration is equal to the rate of change of velocity.

0.000 06 or 6 ´ 10-5

2 ´ 105

1.010

5 ´ 104 taking 100 as 1 s.f. or 4.53 ´ 104 taking 100 as 3 s.f.

2.0 ´ 102 as 1.0 ´ 103 is 2 s.f.

47.0 as 16.0 is to only 1 d.p.

Power is proportional to voltage.

The total current is equal to the sum of the individual currents.

k ≡ 2 ´ 10-7 T m A-1

Fforward ≠ Fbackward

f
T

   ∝
1

1 1 60 60 36001 1                   m s m h m h 1− − −= × × =  

3600
1000

3 61 1      .   .m h km h− −=

m s-1 km h-1
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b Complete the ‘quick converter diagram’ on page 7 by adding the units m s-1 and km h-1 into the 
correct circle.

 Use this relationship to solve the next two problems quickly.

c Convert 50.0 km h-1 to m s-1.

 

d Convert 3.00 × 108 ms-1 to km h-1 

 

8 The following questions will require the use of Appendix 1. Use Pythagoras’s theorem to 
calculate the length of the missing side of each triangle shown below.

a 

b 

c 

9 For each of the triangles above use trigonometry to calculate the angles  and .

a 

b 

c 

10 Determine the radius, circumference and area for each of the circles shown below.

Radius, r

Circumference, C 44 m

Area, A 50.27 m2

bC = 44 m c

A = 50.27 m2

8.0 cm
17.0 cm

10.0 cm

8.0 cm

12.0 cm

5.0 cm

?

?
?

 









a b c

d = 6.36 m

c = 44 m

A = 50.27 m2

a b c

50.0 ¸ 3.6 = 13.9 m s-1.

3.00 ´ 108 ´ 3.6 = 1.08 ´ 109 km h-1.

(3 s.f.)

d/2 = 3.18 m

2p  r = 20.0 m

p  r2 = 31.8 m2

(2 s.f.)

C/2p = 7.0 m

p  r2 = 150 m2

(4 s.f.)

A /     .π = 4 000  m

2p  r = 25.13 m

? .     .     .  = + =5 0 12 0 13 02 2 cm

?    .     .     .  = − =10 0 8 0 6 02 2 cm

?    .     .     .  = − =17 0 8 0 15 02 2 cm

θ ϕ   tan  
.

.
    ,      ta=







 = ° =−1 12 0

5 0
67 nn  

.
.

   − 





 = °1 5 0

12 0
23

θ ϕ   sin  
.
.

    ,      co=






 = ° =−1 8 0

10 0
53 ss  

.
.

   − 





 = °1 8 0

10 0
37

θ ϕ   sin  
.
.

    ,      co=






 = ° =−1 8 0

17 0
28 ss  

.
.

     − 





 = °1 8 0

17 0
62

See diagram
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11 Calculate the areas of the triangles and trapezium shown below.

12 Present the following statements in an alternative form by converting the indices, then solve, for 
example: 5-2 =      = 0.04.

a         =      =   

b 2561/2      =      =   

c 729–1/3     =      =   

d 102 x 105  =      =   

e 104 x 108 =      =   

f 106 x 10-4 =      =   

g 104  103    =      =   

h 108  109  =      =   

i (62)5      =      =   

j (23)4     =      =   

k (34)1/2     =      =   

13 Extension: Present the following statements in an alternative form by converting the logarithm 
equations, then solve.

a log(5) + log(2)   =      =   

b log(8) + log(125) =      =   

c log(18) – log(6)  =      =   

d log(7) – log(70)    =      =   

e log(    )      =      =   

f log(52)      =      =   

g 3log(3)      =      =   

3.0 m

12.0 m 8.0 m

5.0 m5.0 m

25.0 m

10.0 m

14.0 m

 1 
 52

 1 
 25

 4 
  5 

a b c

Trick: this is two 3-4-5 

triangles back to back, so the 

height is 3.0 m, so 

log(10) 1

log(1000) 3

 log(3) 0.477

log(0.1) -1

 log(4) – log(5) -0.097

2 log(5) 1.40

log(33) 1.43

A   
.     .

    .        (   . .)=
+

× =
14 0 10 0

2
25 0 300 32m s f

A        .     .    = × × =
1
2

12 0 3 0 18 2 m

2-5

212

32

0.03

16

100

10

0.11

9

4,096

0.1

107

1012

610

102

101

10-1

10,000,000

60,466,176

1000,000,000,000

256
1

729
1
91 3/    =

A        .     .      = × × =
1
2

8 0 3 0 12 2m
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2 Experimental 
techniques

Through experiments and investigations, scientists are able to extend their science knowledge, and 
develop their understanding of the relationship between investigations and scientific theories and 
models. Investigative work must be rigorously carried out and presented in such a way that their 
experiment could be repeated and their findings reviewed. 

Planning and gathering data
Introduction
Aim
An aim should inform the reader of the purpose of the experiment or investigation but should not 
be more than a single sentence long.
Preliminary experiment
Quickly trial the equipment and the experiment to identify relevant physics ideas, maximum and 
minimum ranges, limitations and control variables.
Hypothesis
Identify any relevant physics ideas and make a prediction.

Method
Independent variable
•	 State	the	independent	variable	(the	variable	being	changed by the scientist).
•	 Identify	the	range.	If	the	range	is	reasonable,	the	graph	of	the	results	will	show	the	relationship	

between	the	independent	and	the	dependent	variables.	(As	a	rough	guide,	about	70%	or	more	
of the measureable range should be used). 

•	 A	minimum	of	five	different	values	of	the	independent	variable	should	be	tested.
•	 Justify	any	limitations	to	the	range	due	to	apparatus,	the	measurements	and/or	safety.
•	 Describe	and	explain	any	techniques	used	to	increase	the	accuracy	of	the	measurement	of	the	

independent	variable	(if	appropriate).	
•	 Describe	any	difficulties	encountered	when	measuring	the	independent	variable	and	discuss	

how they were overcome.
Dependent variable
•	 State	the	dependent	variable	(the	variable	being	measured by the scientist).
•	 Describe	and	explain	any	techniques	used	to	increase	the	accuracy	of	the	measurement	of	the	

dependent variable. 
•	 Describe	any	difficulties	encountered	when	measuring	the	dependent	variable	and	discuss	how	

they were overcome.
Control variables
•	 Describe	any	other	variables	that	would	significantly affect the results of the experiment if 

they are not kept constant, describe how they are controlled and explain why they must be 
controlled.



Continued over page
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Experimental techniques
In experimental work the term ‘error’ is often used to describe the degree of ‘uncertainty’ in a value 
due to variations in the measurement that are caused by the lack of precision in a measuring device, or 
the person using it. The two main types of experimental error are random error and systematic error. 

Random errors
Random errors vary in size and are just as likely to be positive or negative, causing each reading 
to be spread out around the true value. A good approximation of the true value can be gained by 
repeating the measurement several times and calculating the average. 

average  =
   trial 1 + trial 2 + trial 3 + ... 

                  number of trials

Possible random errors include:

Error Apparatus Correction Typical size of error

Reaction time
Time taken 
between an event 
occurring and the 
observer reacting.

Stopwatches,	
clocks, mobile 
phones.

Repeat the measurement and 
calculate the average.
AND/OR
Multiple measurements for 
periodic events, e.g. a swinging 
pendulum.

Estimate to be between 
0.1	s	and	0.2	s.
OR
Half the size of the 
range for each set of 
repeat readings.

Parallax
Difficulty	in	
reading analogue 
meters due to the 
marker and the 
scale not being in 
contact.

Analogue 
meters, e.g.
voltmeters, 
ammeters, 
rulers, newton 
meters.

Ensure that the eye of the 
observer and the marker and scale 
are all in line.
Some	electrical	meters	have	a	
mirror behind the marker to help 
with alignment.
Repeat the measurement and 
calculate the average.

Estimate based on the 
amount the reading 
changes when the 
observer moves slightly 
from side to side.

Counting
Occurs	when	
counting multiple 
events or objects.

The observer.
Digital	
counters.

Repeat the count.
OR
If the event is random or 
spontaneous repeat the count and 
calculate the average.

Eliminated by repeating 
the count.
OR
For random or 
spontaneous event 
e.g. radioactive decay, 
use half the size of the 
range for each set of 
repeat readings.

Experimental set up
•	 A	fully	labelled	diagram	of	the	apparatus,	showing	how	it	has	been	set	up	and	how	the	

independent and dependent measurements will be taken.

t1 event  =
        tmultiple events

               number of events error =  
tmax – tmin

              2
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Error Apparatus Correction Typical size of error

Division
Judging	the	
position of the 
marker when the 
value lies between 
the divisions on 
the scale.

Analogue 
meters and 
digital meters.

Choose a scale that has smaller 
divisions, e.g. use the mm scale 
instead of the cm scale on a ruler.
AND/OR
Multiple measurements for small 
objects to produce a value more 
suitable to the scale.
AND/OR
Repeat the measurement and 
calculate the average.

Take the error as the 
smallest division on 
the scale being used.

Irregularities
Density,	width,	
length, etc. is not 
uniform across the 
object.

Objects	being	
measured.

Repeat the measurements at 
several different points, e.g. 
measure the diameter of a ball 
across several different diameters 
and calculate the average.

Half the size of the 
range for each set of 
repeat readings.

The significance of the effect of random errors on an experiment can be estimated at the end of an 
experiment	by	considering	the	graph	and	the	proximity	(closeness)	of	the	plotted	points	to	the	line	of	
best fit. If all the plotted points lie close to the line of best fit then random errors must have been small.

Systematic errors
Most measuring instruments will not be perfect and this will result in errors in the accuracy of the 
readings. A systematic error is one which is constant throughout the experiment, making all the 
readings	too	high	or	all	too	low.	Systematic	errors	are	typically	caused	by:

Error Apparatus Correction

Zero error
When the marker 
doesn’t start from 
zero on the scale.

Analogue meters, e.g.
voltmeters, ammeters, rulers, 
newton meters.

Some	electrical	meters	and	newton	meters	
have an adjustment screw which allows the 
position of the marker needle to be corrected.
OR
Measure the size of the zero error and add 
or	subtract	it	(as	appropriate)	so	that	the	
recorded reading is correct.

Calibration error
When a device has 
not been set up to 
measure correctly. 

Analogue meters with 
incorrectly marked scales, 
e.g. incorrectly printed meter 
rulers. Low batteries on 
digital multimeters. Mobile 
phone measurement apps.

Initially confirm the readings using an alternative 
device(s).	As	it	is	impossible	to	determine	which	
device is correct, comparing the similarity 
will identify any apparatus with a significant 
calibration error. The device considered most 
reliable should then be used for all readings.

The size of a systematic error can be estimated at the end of an experiment by comparing the 
equation of the graph line to a known physics relationship. The difference between the two 
equations may be due to a systematic error, and provides an opportunity to discuss possible causes.
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Exercise 2A

1 Consider the following measurements and identify possible sources of error that will affect 
the	accuracy	and	precision	of	the	reading.	Suggest	techniques	that	could	be	used	to	overcome	
significant errors.

a Measuring the thickness of a sheet of paper using a thick wooden metre ruler.

 
 
 
 
 

b Measuring the time period of a pendulum swinging from side-to-side. 

 
 
 
 
 

Working with errors
All errors are quoted to 1 significant figure, and the decimal place of the error fixes the number of 
decimal	places	in	the	final	value.	For	example:	15.07	±	0.15	m	is	correctly	written	as	15.1	±	0.2	m

Percentage errors
By comparing the size of the error to the value being measured we can determine if an error is 
significant or not.

percentage error  =
  error in reading

		x		100%
                    measured value

A	precise	measurement	will	have	an	error	of	5%	or	less	of	the	recorded	value.	A	significant	error	is	
greater	than	10	%.

Combining errors
The error in any single measurement will always be the largest error of those contributing to the 
uncertainty in the value. When two or more measurements are combined, the errors must also be 
combined to determine the size of the error in the final answer. There are some simple rules to 
combining errors in Level 2 Physics.

Situation Rule

Adding or subtracting identical quantities Add the errors together

Averaging a value Average the errors

Taking multiple measurements. For	example,	measuring	1000	sheets	of	

paper	and	then	dividing	by	1000	to	find	the	thickness	of	a	single	sheet.

Divide	the	error	by	the	number	
of multiple events or objects.

Division error—the paper is too thin to measure so measure multiple sheets and divide by the number of sheets.

Counting error—count the number of sheets to ensure that no counting errors have occurred.

Parallax error—turn the ruler on its edge to place the scale and the paper next to each other.

Irregularities—measure across several different widths of the multiple sheets in case a section has become compressed. 

Calibration error—measure a width using several different sections of the ruler.
Take repeat readings and calculate the averages.

Reaction time error—the  oscillation may be too quick to measure accurately so measure multiple oscillations 

and divide by the number of oscillations.

Counting error—repeat the multiple oscillations and look for consistency of the repeats to ensure 

that the number has not been incorrectly counted.

Calibration error—measure the time period using several different stop watches to identify possible calibration errors. 

Take repeat readings and calculate the averages.
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c Measuring the diameter of a ball with a metre ruler. 

 
 
 
 
 
 

d	 Measuring	the	time	taken	for	a	stone	to	fall	1.00	m.	

 
 
 
 
 
 

2 A small box is measured using a ruler with a scale in millimetres. The readings at either end of 
the	box	are	29.5	mm	and	42.0	mm.	Calculate	the	length	of	the	box	and	determine	the	size	of	the	
error in the final answer.

 
 
 
 
 
 

3 A stone is dropped from the top floor of a house and the time taken to reach the ground 
recorded	three	times	as:	0.99	s,	1.12	s	and	0.93	s.	Calculate	the	average	time	and	estimate	
the size of the error on the readings. Present your final answer to the appropriate number of 
decimal places. 

 
 
 
 
 
 

Division error—use the mm rather than cm scale on the ruler.

Parallax error—ensure that the eye, ball edge and ruler are in line.

Irregularities—measure across several different widths of the ball in case it is not perfectly spherical. 

Calibration error—measure a width using several different sections of the ruler to identify possible 

calibration errors.

Take repeat readings and calculate the averages.

Reaction time error—the time may be too quick to measure accurately, ensure that the observer is 

eye level with the ground so that they can react rapidly.

Parallax error—ensure that the eye, stone and ruler are in line, when determining the drop height.

Zero error—measure the size of the zero error on the ruler and reduce the drop height by the appropriate amount.

Calibration error—measure the height and time using several different pieces of apparatus. 

Take repeat readings and calculate the averages.

42.0 - 29.5 = 12.5 mm, however there will be a 0.5 mm error in each reading so the total error will be 

1 mm hence the correct value is 13 ± 1 mm.

Average    
.     .     .

    .     .=
+ +

=
0 99 1 12 0 93

3
1 01 0 0± 11 s  based upon the division error, however the range of 

values is much greater suggesting that error due to reaction time is much greater than the division error. 

Finding the half range error gives: ∆ =
−

=t1 2
1 12 0 93

2
0 095/

. .
    .    

  
 s. So the average time would be more 

correctly expressed as 1.0 ± 0.1 s.
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Data processing
Results tables
Results tables must have sufficient columns to handle all the data, the errors and any processing 
which is required for multiple readings or averages. 

Graphs
Line	graphs	are	always*	drawn	with	the	dependent	variable	on	the	vertical	axis	(y-axis)	and	the	
independent	variable	on	the	horizontal	axis	(x-axis).
*There are a few exceptions to the rule, for example, time-related quantities are almost always plotted on the horizontal 
axis regardless of whether the time was the dependent or 
independent variable.

A graph should include the following:
•	 Title	describing	the	two	variables.
•	 Axis	labelled	with	quantity	and	unit.
•	 Appropriate	scale	that	allows	all	the	points	to	

be plotted accurately, and takes up the majority 
of	the	space	on	the	graph	paper.	Do	not	use	
axis	breaks	( ).

•	 Points	plotted	using	crosses.	
•	 Anomalous	points	should	be	identified	by	

drawing a circle around them.
•	 A	line	of	best	fit	(straight	or	smooth	curve).

Processing
If the line of best fit is straight then the gradient  
and intercept can now be calculated and the 
equation of the line stated.
•	 The	gradient,	m of a graph is calculated by the 

equation: 

m  =
  y

   
(y unit)

                x   	(x unit)

•	 Draw	a	triangle	on	the	graph	to	determine	the	
change	in	y	and	the	change	in	x.	(The	triangle	
should	be	more	than	²/³ the length of the line 
of best fit, and touch the line between plotted 
points).

•	 The	unit	of	the	gradient	will	be	the		y unit
x unit .

•	 The	gradient	of	a	straight	line	is	a	constant,	so	is	often	referred	to	as	the	constant of 
proportionality.

•	 The	intercept,	c	is	the	point	at	which	the	line	of	best	fit	crosses	the	y-axis	at	x	=	0.	The	unit	of	the	
intercept will be the unit of the y-axis.

•	 The	equation	of	a	straight	line	is	given	by	the	formula:	y = mx + c  

•	 The gradient, intercept and dependent and independent variables must be substituted into the 
formula along with their units.
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Exercise 2B

1 Rob carries out an experiment to determine the effect of increasing current on the size of the 
magnetic	force	acting	on	a	10.0	cm	long	wire	placed	in	a	magnetic	field.	The	measurements	are	
shown below.

a Identify any anomalous values and calculate the averages for the data.

Current (A)
(±0.01 A division error)

Force (N)
(±0.02 N division error)

Trial 1 Trial 2 Trial 3 Average

0.00 0.00 0.00 0.00

0.30 0.05 0.07 0.07

0.60 0.15 0.13 0.14

0.90 0.20 0.18 0.19

1.20 0.28 0.26 0.32

1.50 0.33 0.33 0.34

b	 Draw	a	graph	of	force	(y)	against	current	(x)	using	the	data	above,	and	draw	the	line	of	 
best fit.

c	 State	the	relationship	based	
upon the shape of the graph.

 
 
 
 
 

d	 Determine	the	gradient	and	
intercept of the graph and 
state the equation of the line. 
Provide units with all your 
values.

 
 
 
 
 
 

See graph

Force is proportional to 

current.

m   
.     .
.     .
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e Compare the equation of the line to the theoretical equation F = BLI and hence determine 
the	strength	of	the	magnetic	field	(B)	and	its	unit.	

 
 
 

2 Janet	is	investigating	the	density	(d )	of	glucose.	She	changes	the	volume	of	the	fluid	in	a	
measuring cylinder which is sitting on a mass balance so that she can measure the mass.  The 
measurements are shown below.

a Identify any anomalous values and calculate the averages for the data.

Volume (cm3)
(±0.5 cm3 parallax 

error)

Mass (g)
(±5 g division error)

Trial 1 Trial 2 Trial 3 Average

10.0 37 34 36

20.0 51 47 51

30.0 62 49 67

40.0 82 75 77

50.0 94 89 76

60.0 109 104 111

70.0 136 113 120

b	 Draw	a	graph	of	mass	(y)	against	volume	(x)	using	the	data	above,	and	draw	the	line	of	 
best fit.

c	 State	the	relationship	based	
upon the shape of the 
graph.

 
 
 
 

d Determine	the	gradient	and	
intercept of the graph and 
state the equation of the line. 
Provide units with all your 
values.

 
 
 
 
 

Note:	Additional	linear	graph	questions	can	be	found	on	page	140.

F = BLI  so BL = 0.22

As L = 0.100 m, B = 2.2 N A-1 m-1

See graph

Mass is proportional to 

volume.

c = 20 g

m = 1.5 V + 20

(g) (g cm-3)(cm3) (g)

m   
   

.     .
    .=

−
−

= −120 44
68 0 16 0

1 5 3 g cm

0.0
0

20

40

60

80

M
as

s 
(g

) 100
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140

20.0 40.0 60.0
Volume (cm3)

Average mass against volume

80.0
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e By considering the method for measuring the mass, suggest why the graph line does not go 
through	the	origin	(0,	0).

 
 
 
 
 

f Compare the equation of the line to the theoretical equation m = dV  and hence determine 
the	density	(d )	of	the	glucose.	Convert	your	final	answer	to	S.I.	units.

 
 
 
 
 

Data processing (continued)
Processing non-linear graphs
Many experiments will yield data which does not produce a straight line graph and they cannot be 
analysed without further processing. 

There are four possible curved graph relationships that you will encounter; square, square root, 
inverse and inverse square. Each one has a characteristic shape, and it is important that you can 
recognise	which	relationship	is	being	studied.	(The	symbol	 means ‘proportional to’ and is used to 
describe a relationship when the exact values are not known.)

Square Square root Inverse Inverse square

a  b 2 a  √b a   1 
       b

a   1 
         b 2

Once	the	type	of	relationship	has	been	identified	the	x	axis	data	can	be	transformed.	For	example,	
for the relationship a  b 2 all the b values must be squared and a new graph of a against b 2 plotted. The 
gradient, intercept and equation of the line of best fit can now be determined for the processed graph.

Zero error occurred as the mass measurement also included the mass of the measuring cylinder.

m = dV so d = 1.5 g cm-3, so

d = 1500 kg m-3.
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Interpreting
Having completed the experiment and processed the data it is essential that a conclusion is written 
which covers the following points: 

Link the relationship to the aim and physics ideas
•	 Link	the	final	result	with	the	aim	of	the	experiment,	identifying	the	relationship	between	the	

variables. 
•	 Compare	the	final	result	with	known	physics	theories	to	determine	the	validity	of	the	

experiment and whether further work needs to be carried out.

Evaluate the experimental technique (if not previously discussed in the method)
•	 Discuss	any	limitations	to	the	experiment	or	the	apparatus	used.
•	 Discuss	any	controlled	variables.
•	 Explain	any	accuracy	improving	techniques.
•	 Discuss	any	difficulties	that	were	encountered	and	how	they	were	overcome.

Evaluate the data
•	 Discuss	inaccurate	or	anomalous	data.
•	 Discuss	the	line	of	best	fit,	the	gradient	and	the	intercept	compared	to	known	physics	formula.

Exercise 2C

1 Kristina uses a spring to project a glider along an air track. The spring provides a constant force 
for	a	constant	time.	She	changes	the	mass	of	the	glider	and	measures	the	speed	for	each	mass	
using an electronic sensor.

a Identify any anomalous values and calculate the averages for the data.

Mass (kg)
(±0.002 kg division 

error)

Speed (ms-1)
(±0.5  ms-1 division error)

Trial 1 Trial 2 Trial 3 Average

0.050 23.4 24.3 24.2

0.100 12.0 13.0 12.2

0.150 7.8 8.2 8.0

0.200 5.9 6.1 6.0

0.250 5.7 4.8 4.9

0.300 4.0 4.1 4.1

24.3

12.1

8.0

6.0

4.9

4.1

20.0

10.0

6.7

5.0

4.0

3.3

1/m 
(kg-1)
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b	 Draw	a	graph	of	speed	(y)	against	mass	(x)	using	the	data	above,	and	draw	on	the	line	of	
best fit.

c State	the	relationship	based	
upon the shape of the 
graph.

 
 
 
 

d Complete the last  
column of the table 
by processing the 
data according to the 
relationship you have 
identified. Include an 
appropriate quantity  
and unit.

e Plot a second graph using 
your processed data on the graph below.

f Determine	the	gradient	of	the	
graph and the intercept and 
state the equation of the line. 
Provide units with all your 
values.

 
 
 
 
 
 
 
 

g Compare the equation of 
the line to the theoretical 
equation p = mv and hence 
determine the momentum 
(p) of the glider.

 
 
 

See graph 1.b.

Speed is inversely proportional 

to mass.

See graph 1.e.
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2 Jake	spins	a	small	mass	around	his	head.	He	keeps	the	radius	of	the	circle	constant	at	80.0	cm	
but increases the speed and measures the size of the force using a newton meter.  The data is 
shown below.

a Identify any anomalous values and calculate the averages for the data.

Speed (ms-1)
(±0.5 ms-1 division error)

Force (N)
(±0.5  N parallax error)

Trial 1 Trial 2 Trial 3 Average

4.0 1.0 1.0 1.0

5.0 1.5 1.6 2.5

6.0 2.2 2.3 2.2

7.0 3.0 3.2 2.9

8.0 4.0 4.1 4.0

9.0 5.0 5.2 4.9

10.0 7.1 6.3 6.1

b Draw	a	graph	of	force	(y)	against	speed	(x)	using	the	data	above,	and	draw	on	the	line	of	
best fit.

c	 State	the	relationship	based	upon	the	shape	of	the	graph.

 
 

d Complete the last column of the table by processing the data according to the relationship 
you have identified. Include an appropriate quantity and unit.

1.0

1.6

2.2

3.0

4.0

5.0

6.2

16

25

36

49

64

81

100

speed2 
(m2 s-2)

See graph 2.b.

Force is proportional to speed squared.

Results table:
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e Plot a second graph using your processed data on the graph below.

f	 Determine	the	gradient	of	the	graph	and	the	intercept	and	state	the	equation	of	the	line.	
Provide units with all your values.

 
 
 

g Compare the equation of the line to the theoretical equation F =
 mv 2

         r and hence determine 
the	mass	of	the	object	which	Jake	is	spinning	around	his	head.

 
 
 

3 Airini wants to investigate the relationship between the time period of a mass oscillating 
(bouncing	up	and	down)	on	a	spring	and	the	size	of	the	mass.	Her	data	is	shown	below.

a Identify	any	anomalous	values	and	calculate	the	averages	for	the	10	oscillations,	then	
determine the average time for a single oscillation.

Mass (kg)
(± 0.01 kg division 

error)

Time for 10 swings  (s)
(± 0.1 s reaction time error)

Time period (s)

Trial 1 Trial 2 Trial 3 Average 10 Average 1

0.20 4.0 4.1 4.0

0.40 5.3 5.8 5.8

0.60 6.9 7.1 7.1

0.80 8.0 8.2 8.0

1.00 9.1 9.2 9.0

1.20 9.8 9.9 10.0

F
mv

r
m
r

            .= =
2

0 063so

As r = 0.800 m so m = 0.050 kg.

See graph 2.e.
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b	 Draw	a	graph	of	average	time	for	one oscillation	(y)	against	mass	(x)	using	the	data	above,	
and draw on the line of best fit.

c	 State	the	relationship	based	upon	the	shape	of	the	graph.

 
 

d Complete the last column of the table by processing the data according to the relationship 
you have identified. Include an appropriate quantity and unit.

e Plot a second graph using your processed data on the graph below.

Time is proportional to the square root of mass.

See graph 3.b.

See graph 3.e.

Results table:

0.00
0.00

0.20

0.40

0.60

0.80

Ti
m

e 
(s

)

1.00

1.20

0.20 0.40 0.60
Mass (kg)

3.b. Average time against mass

0.80 1.00 1.20 1.40

0.00
0.00

0.20

0.40

0.60

0.80

Ti
m

e 
(s

)

1.00

1.20

= 0.906xy

0.20 0.40 0.60
Mass1/2 (kg1/2)

3.e. Average time against root mass

0.80 1.00 1.20



24 ISBN: 9780170195997

Physics 2 Workbook

f	 Determine	the	gradient	of	the	graph	and	the	intercept	and	state	the	equation	of	the	line.	
Provide units with all your values.

 
 
 

g Compare the equation of the line to the theoretical equation T =
 2  √m

      √k
 and hence 

determine the spring constant, k, and its unit.

 
 
 

4 Tama wants to investigate how the strength of the electric field around a small charged ball 
changes with distance from the ball. The data is shown below.

a Identify any anomalous values and calculate the averages for the data.

Distance (m)
(±0.01 m parallax error)

Electric field strength (Vm-1)
(±0.02 Vm-1 division error)

Trial 1 Trial 2 Trial 3 Average

0.10 4.38 4.54 4.51

0.20 1.10 1.18 1.13

0.30 0.50 0.51 0.50

0.40 0.28 0.28 0.28

0.50 0.18 0.19 0.19

0.60 0.12 0.13 0.13

0.70 0.09 0.09 0.09

b	 Draw	a	graph	of	electric	field	strength	(y)	against	distance	(x)	using	the	data	above,	and	
draw on the line of best fit.

c = 0 s

T m=  .0 91

(s) (s kg-1/2)(kg1/2)

Hence k = 48 kg s-2.

See graph 4.b.
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c	 State	the	relationship	based	upon	the	shape	of	the	graph.

 
 

d Complete the last column of the table by processing the data according to the relationship 
you have identified. Include an appropriate quantity and unit.

e Plot a second graph using your processed data on the graph below.

f	 Determine	the	gradient	of	the	graph	and	the	intercept	and	state	the	equation	of	the	line.	
Provide units with all your values.

 
 
 

g Compare the equation of the line to the theoretical equation E =
  kq

        d 2  and given that  
k	=	8.99	x	109 V m C-1, calculate the size of the charge on the ball.

 
 
 

Note:	Additional	non-linear	graph	questions	can	be	found	on	pages	67,	78,	122,	147,	193	and	212.

Electric field strength is inversely proportional to the distance squared.

See graph 4.e.
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Sample reports
The	following	sample	reports	contain	errors	and/or	omissions.	Read	each	one	and	assess	them	using	
the mark schedule at the end of each report. You should annotate each report to identify any issues.

Aim
To determine the relationship between the distance travelled and the time taken for a toy car 
moving under the action of a constant force.

Hypothesis
A constant force will cause the toy car to speed up and the equations of motion state that the 
distance travelled whilst changing speed is given by the formula  d = (vi + vf ) t

          2
. 

I predict that the distance will be proportional to the time. 

Method
•	 The	independent	variable	will	be	the	distance	travelled	along	a	track.	It	will	range	from	

20 cm to 140 cm in 30 cm intervals. The maximum distance is limited by the length of the 
track (140 cm) along which the toy car is rolling.

•	 The	dependent	variable	will	be	the	time	taken	to	cover	each	distance	which	I	will	measure	
in seconds using a stopwatch. The time taken to cover each distance will be measured 3 
times, and the average calculated.

•	 During	the	experiment	I	will	always	use	the	same	car	and	surface	so	that	the	friction	
acting on the car will remain the same.

Diagram of the experimental set-up

Techniques to improve accuracy
•	 I	will	measure	the	dependent	variable	three	times	and	calculate	the	averages.	This	will	help	

to reduce the effect of random errors due to my reaction time errors and the difficulty of 
judging exactly when the car has travelled the required distance. My reaction time error 
will be ± 0.1 s.

Exercise 2D

Student report 1: Acceleration of a toy car



d	=	50	–	20	=	30	cm

t2	=	1	–	0.4	=	0.6	s2
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Results
The time taken, t, to cover different distances, d, is recorded in the table below.

Distance (cm)
Time (s)

(±0.1 s reaction time error)
Time2

(s2)
Trial 1 Trial 2 Trial 3 Average

20 0.5 0.8 0.6 0.63 0.4
50 0.8 1 1.2 1 1
80 1.4 1.3 1.1 1.26 1.59
110 1.6 1.5 1.4 1.52 2.31
140 1.6 1.8 1.7 1.7 2.89

The averages were calculated and a graph of average distance against time plotted. The shape 
of the graph reveals the relationship as:
Distance is proportional to time squared.

My prediction was wrong. I will now 
square all the time values and draw 
a graph of distance against time 
squared.

Gradient, m:    

Intercept, c:    c = 0.0 cm  

Equation of the line: 
           d = 50 t2

          (cm)  (cm s-2)  (s2)

Conclusion
The experiment went really well as  
all points lie close to the line of best  
fit. If I did the experiment again I  
would choose a shorter maximum  
length as my mass kept hitting the  
ground before the car had travelled  
the full distance. I don’t think it had  
much effect because my graph is so  
good. The short distances were really  
hard to measure because they  
happened so quickly.

m  =  30   = 50 cm s-2

        0.6
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Mark sheet for Student report 1
Use the following schedule to mark the student report and determine the appropriate grade. 

Identify	(circle/underline/annotate)	any	errors	or	omissions	in	the	report	and	write	a	brief	note	on	
the report to explain what is wrong.

d

t

t 2 t 2

d d

Achieved Merit Excellence

P
la

nn
in

g 
an

d 
G

at
he

ri
ng

•	 Collect	data	relevant	to	
the aim based on the 
manipulation of the 
independent variable over 
a reasonable range and 
number of values:
–	Distance	and	time	

values measured.
–	Reasonable	range	(see	

graph to determine the 
range is sufficient to 
show the correct shape).

– 5 or more different 
values of the 
independent variable 
tested.

•	 Use	technique(s)	that	increase	
the accuracy of the measured 
values of the dependent 
variable:
– Repeats and averages 

(essential).	

 and independent variable, if 
appropriate:
– Parallax error. 
– Zero error.

•	 Control	the	variable(s)	that	
could have a significant effect 
on the results, i.e.
– Mass of the car, or;
– Mass of the falling weight, 

or;
–	Friction	(car	and	surface).

•	 Explain	why	there	is	a	limit	to	
either end of the values chosen 
for the independent variable.
–	Short	distances	are	too	quick	

to time accurately.
– Long distances limited by the 

distance the falling mass can 
travel	and/or	the	length	of	the	
ramp – whichever is shorter.

•	 Justify	why	a	variable	needs	to	
be controlled.
– If the cars mass increases the 

acceleration will decrease.
– If the weight of the 

falling mass increases the 
acceleration will increase.

– If the friction increases the 
acceleration will decrease. 

Pr
oc

es
si

ng
 a

nd
 In

te
rp

re
ti

ng

•	 Draw	a	graph	that	shows	
the relationship between 
the independent and 
dependent	variables	(see	
above).
– Axis labels and units.
– Appropriate linear 

scales.
– Majority of points 

plotted correctly.
– Line of best fit.

•	 Describe	the	type	of	
mathematical relationship 
that exists between the 
variables.
–	Distance	is	proportional	

to time squared.

•	 Describe	the	mathematical	
relationship obtained from the 
experimental data.
– Gradient, m calculated 

using	the	line	of	best	fit	(not	
plotted points). 

 For greater accuracy the 
gradient points should be 
near either end of the line of 
best fit.

 The intercept is not required 
but useful to identify any 
systematic errors.

– Equation of the line is of the 
form:

  d = mt2	(+	c).
 Calculated gradient value 

substituted for m.
 (Units	are	not	required	but	

useful to help identify the 
quantity represented by the 
gradient.)

•	 Discuss	any	difficulties	
encountered when making 
measurements and how these 
difficulties were overcome.
–	Small	mcar and large mweight 

result in large acceleration so 
distances are difficult to time 
accurately – use large mcar and 
small mweight.

–	Difficult	to	judge	when	the	
car passes the end point – use 
light gates.

•	 Discuss	the	relationship	
between the findings and 
physics	theories/ideas/	formula.
– Net force, Fnet = Fg – Ffriction.
– Newton’s second law, Fnet = ma.
– Equation of motion: d = ½at2  

•	 Describe	any	unexpected	results	
and a suggestion of how they 
could	have	been	caused	and/
or the effect they had on the 
validity of the conclusion.

Achieved: All points correct Merit: All points correct
Excellence: 2 good or 3 
reasonable points

Overall Grade

✓

✓

✓

✓

✓

A

A

--

Marking notes for student report 1 and 2 can be found in the Appendices, pages 234-5.
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Aim 
To determine the relationship between the distance travelled and the time taken for a toy car 
moving under the action of a constant force.

Hypothesis
A constant force will cause the toy car to accelerate and the equations of motion state that 
the distance travelled whilst accelerating is given by the formula d = vit + ½at 2. As the car is 
released from rest, the initial velocity will be zero so d = ½at 2. So I predict that d  t2 .

Method
•	 The	independent	variable	will	be	the	distance	travelled	along	a	track.	

– It will range from 0.60 m to 1.00 m in 0.10 m intervals. I have chosen to use 
longer distances which take longer times as it makes both the error in the length 
measurements and the error in timing less significant. The maximum distance 
is limited by the height of the track which is only 1.20 m above the ground so 
consequently the falling mass hits the ground and stops pulling the car before the car 
has travelled the full length of the track.

•	 The	dependent	variable	will	be	the	time	taken	to	cover	each	distance.	
– Time will be measured three times using computer light gates and the average time 

calculated. This will reduce the effect of random errors such as reaction time errors 
and parallax errors.

•	 During	the	experiment	there	are	other	variables	that	must	be	controlled	as	they	will	affect	
the time taken to cover the distance.
– Constant mass of the car. As the acceleration of the car is dependent upon its mass it 

is important to keep the mass of the car constant. A car of mass 0.55 kg will be used 
throughout the experiment.

– A small mass will be attached to the car by a long string hanging over a pulley on 
the end of the track. A mass of 0.100 kg will be used throughout the experiment to 
provide the constant driving force of F = mg = 0.100 × 9.8 = 0.98 N. 

 
Diagram of the experimental set-up

Student report 2: Acceleration of a toy car

Techniques to improve accuracy
•	 By	taking	repeats	and	averaging	I	will	reduce	the	effect	of	random	errors,	such	as	

releasing the car from the wrong position so that it is already moving when it passes the 
first light gate, or incorrect placement of the light gates during a trial. The accuracy of 
the computer light gates will be taken as the smallest division ± 0.01 s.
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•	 To	reduce	the	effect	of	parallax	error	when	placing	the	light	gates	I	will	ensure	that	my	
eye is in line with the gate and the distances marked on the track. Incorrect placement 
of the light gate could result in the distance travelled being smaller or larger than the 
recorded distance.  My parallax error will be ± 0.01 m.

Results

Distance, (m)
(±0.01 m parallax error)

Time (s)
(±0.01 s division error)

Trial 1 Trial 2 Trial 3 Average

0.60 2.42 2.49 2.40 2.44
0.70 2.65 2.68 2.62 2.65
0.80 2.83 2.85 2.80 2.83
0.90 2.99 3.01 2.96 2.99
1.00 3.14 3.20 3.15 3.16

The averages were calculated and a graph 
of average distance against time plotted. 
The shape of the graph reveals the 
relationship as:
Distance is proportional to time.

This contradicts my prediction that 
distance is proportional to time squared.

Gradient, m:    

Intercept, c:   c  = –0.76 m  

Equation of the line:
           d = 0.55 t – 0.76 
  (m) (m s-1) (s) (m)

Conclusion
The data is very precise as all points lie close to the line of best fit, however, my results and 
graph suggest that the car is moving at a steady speed, which I know it didn’t because the 
car was released from rest and clearly accelerated. The forces on the car may have become 
balanced really quickly, which would explain why the car was travelling at a steady speed when 
it reached a distance of 0.60 cm. If I were to repeat the experiment I would use a bigger 
range of independent values to see if it revealed the shape of the relationship more clearly so 
that I can identify when the car is accelerating.

m  = 0.72   = 0.55 m s-1

         1.3
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Mark sheet for Student report 2
Use the following schedule to mark the student report and determine the appropriate grade. 

Identify	(circle/underline/annotate)	any	errors	or	omissions	in	the	report	and	write	a	brief	note	on	
the report to explain what is wrong.

Achieved Merit Excellence

P
la

nn
in

g 
an

d 
G

at
he

ri
ng

•	 Collect	data	relevant	to	
the aim based on the 
manipulation of the 
independent variable over 
a reasonable range and 
number of values:
–	Distance	and	time	

values measured.
–	Reasonable	range	(see	

graph to determine the 
range is sufficient to 
show the correct shape).

– 5 or more different 
values of the 
independent variable 
tested.

•	 Use	technique(s)	that	increase	
the accuracy of the measured 
values of the dependent 
variable:
– Repeats and averages 

(essential).	

 and independent variable, if 
appropriate:
– Parallax error. 
– Zero error.

•	 Control	the	variable(s)	that	
could have a significant effect 
on the results, i.e.
– Mass of the car, or;
– Mass of the falling weight, 

or;
–	Friction	(car	and	surface).

•	 Explain	why	there	is	a	limit	to	
either end of the values chosen 
for the independent variable.
–	Short	distances	are	too	quick	

to time accurately.
– Long distances limited by the 

distance the falling mass can 
travel	and/or	the	length	of	the	
ramp – whichever is shorter.

•	 Justify	why	a	variable	needs	to	
be controlled.
– If the cars mass increases the 

acceleration will decrease.
– If the weight of the 

falling mass increases the 
acceleration will increase.

– If the friction increases the 
acceleration will decrease. 

Pr
oc

es
si

ng
 a

nd
 In

te
rp

re
ti

ng

•	 Draw	a	graph	that	shows	
the relationship between 
the independent and 
dependent	variables	(see	
above).
– Axis labels and units.
– Appropriate linear 

scales.
– Majority of points 

plotted correctly.
– Line of best fit.

•	 Describe	the	type	of	
mathematical relationship 
that exists between the 
variables.
–	Distance	is	proportional	

to time squared.

•	 Describe	the	mathematical	
relationship obtained from the 
experimental data.
– Gradient, m calculated 

using	the	line	of	best	fit	(not	
plotted points). 

 For greater accuracy the 
gradient points should be 
near either end of the line of 
best fit.

 The intercept is not required 
but useful to identify any 
systematic errors.

– Equation of the line is of the 
form:

  d = mt2	(+	c).
 Calculated gradient value 

substituted for m.
 (Units	are	not	required	but	

useful to help identify the 
quantity represented by the 
gradient.)

•	 Discuss	any	difficulties	
encountered when making 
measurements and how these 
difficulties were overcome.
–	Small	mcar and large mweight 

result in large acceleration so 
distances are difficult to time 
accurately – use large mcar and 
small mweight.

–	Difficult	to	judge	when	the	
car passes the end point – use 
light gates.

•	 Discuss	the	relationship	
between the findings and 
physics	theories/ideas/	formula.
– Net force, Fnet = Fg – Ffriction.
– Newton’s second law, Fnet = ma.
– Equation of motion: d = ½at2  

•	 Describe	any	unexpected	results	
and a suggestion of how they 
could	have	been	caused	and/
or the effect they had on the 
validity of the conclusion.

Achieved: All points correct Merit: All points correct
Excellence: 2 good or 3 
reasonable points

Overall Grade

✓

✓

✓

N

- - -

✓

✓
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Further questions about Student report 2

1	 After	writing	the	report,	Student	2	made	additional	measurements	which	are	shown	below.

a Identify any anomalous values and calculate the averages for the new data.

Distance (m)
(±0.01 m parallax error)

Time (s)
(±0.01 s division error)

Trial 1 Trial 2 Trial 3 Average

0.10 0.98 1.00 0.98

0.20 1.24 1.42 1.38

0.30 1.70 1.72 1.74

0.40 1.98 2.00 1.79

0.50 2.25 2.22 2.22

0.60 2.42 2.49 2.40 2.44

0.70 2.65 2.68 2.62 2.65

0.80 2.83 2.85 2.80 2.83

0.90 2.99 3.01 2.96 2.99

1.00 3.14 3.20 3.15 3.16

b Draw	a	graph	of	distance	against	time	using	the	complete	set	of	data	above,	and	draw	on	
the line of best fit.

c State	the	relationship	based	upon	the	shape	of	the	graph.

 
 

d Complete the table by processing the data to produce a linear relationship.

See graph 1.b. 

Distance is proportional to the time squared.

0.99

1.40
1.72

1.99

2.24

0.97

1.96

2.96

3.96

5.00

5.94

7.02

7.99

8.92

10.0

t2 
(s2)

Results table:

0

0.2

0.4

0.6

0.8

D
is

ta
nc

e 
(m

)

1

1.2

Time (s)

1.b. Average distance versus time for a toy car

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
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e Plot a graph of the processed data.

f Determine	the	gradient	of	the	graph	and	the	intercept	and	state	the	equation	of	the	line.	
Provide units with all your values.

 
 
 
 

g Compare	the	equation	of	the	line	to	Student	2’s	hypothesis,	which	suggested	that	d = ½at 2 
and hence determine the acceleration of the car along the track. 

 
 
 

h Calculate	the	net	force	on	the	whole	system	(the	car	and	the	falling	mass)	using	the	
acceleration you calculated in g.

 
 

i By considering the size of the force due to the falling mass and the net force on the whole 
system determine the size of the friction force acting on the system.

 
 

See graph 1.e.

c = 0 m

d = 0.10 t2

(m) (ms-2) (s2)

and so a = 0.20 m s-2

Fnet = (0.55 + 0.100) ´ 0.20 = 0.011 N

Ffriction =  Fnet - Fg = 0.011 - 0.98 = - 0.97 N

m   
.     .

.     .
    .  =

−
−

= −0 84 0 16
8 4 1 6

0 10 2 m s

d at   =
1
2

2  so 
1
2

0 10a    .=

0

0.2

0.4

0.6

0.8

D
is

ta
nc

e 
(m

)
1

1.2

Time2 (s2)

1.e. Average distance versus time
squared for a toy car

0.00 2.00 4.00 6.00 8.00 10.00 12.00



3.2 The laws of reflection
When any ray of light strikes a surface and is reflected, 
the direction of the reflected ray can be determined by 
using the two laws of reflection:

Law 1 The angle of incidence (i ) EQUALS the angle of  
 reflection (r).
Law 2 The incident ray, the reflected ray and the normal  
 all lie on the same plane.

Mirror

Plane

Incident ray

Reflected ray

Normal line

r
i

C F P
Pole

f
r r = 2f
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3 Light and waves

3.1 Properties of an image
The image produced by an optical instrument can be described in terms of its magnification, 
orientation and nature.

Term Definition

Magnification or 
size (m)

Diminished The image is smaller than the original object

Same size The image is same size as the object

Magnified The image is larger than the object

Orientation
Upright The image is same way up as the object

Inverted The image is upside down compared to the object

Nature
Real Rays really pass through the image

Virtual Rays only appear to come from the image

3.3 Spherical mirrors

Concave mirrors (converging)
Rays parallel and close to 
the principal axis will, upon 
reflection, converge on the 
principal focus (F) of the 
mirror.

P Optical centre of the mirror
F Principal focus (real)
f Focal length (positive)
C Centre of curvature (real)
r Radius of curvature (positive)



CFP
Pole

f
r

do

di

C F

P
ho

hi f

do = distance from the object to the mirror (m)
di = distance from the image to the mirror (m)
ho = height of the object (m)
hi = height of the image (m)
f = focal length of the mirror (m)

r = 2f
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Convex mirrors (diverging)
Rays parallel and close to 
the principal axis will, upon 
reflection, form a diverging 
beam that appears to come 
from the principal focus (F) 
of the mirror.

P Optical centre of the mirror
F Principal focus (virtual)
f Focal length (negative)
C Centre of curvature (virtual)
r Radius of curvature (negative)

Ray diagrams
The position, size and nature of the image (I) of an object (O) produced by a spherical mirror can be 
found by drawing a ray diagram using four rules:

Rule 1 A ray parallel to the principal axis is reflected through the focal point (or appears to 
diverge from it).

Rule 2 A ray through (or from) the focal point is reflected parallel to the principal axis.
Rule 3 A ray incident on the pole of the mirror is reflected at an angle equal to the angle of 

incidence.
Rule 4 A ray through (or from) the centre of curvature is reflected back along its own path.

Image Properties
Magnified, inverted, real

FC

P

O

I

Image Properties
Diminished, upright, virtual

F C

P

O

I

Any two rays are sufficient to determine the position of the image. A third ray can be drawn to 
confirm the answer.

Mirror formula
The object and its image are related mathematically in terms of their position and size, and the focal 
length of the mirror.

Convex mirrorConcave mirror



      
1     =

    1      +      1

                         f              di              do  

m  =   
di   =

   hi

                   do          ho  

Worked example: Mirror ray diagram 1

FC

P

O

I
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Focal length formula
To determine the position of an image, an object or the focal length of a mirror:

Real-is-positive convention
When solving mirror formula problems it is essential to substitute the appropriate sign(s) into the 
equations. The value and sign of the answer will then provide information about its position and 
nature.

•	 Concave	mirrors	have	a	real principal focus so the focal length (f ) is positive.
•	 Real objects and images have positive distances.
•	 Convex	mirrors	have	a	virtual principal focus so the focal length (f ) is negative.
•	 Virtual objects and images have negative distances.

Magnifications (m) are always quoted as positive in questions, but the magnification of a virtual 
image should be substituted into equations as a negative value.

Magnification formula
To determine the magnification (m) produced by a mirror:

 
Determine the position and properties of the image formed by a 1.0 cm tall object placed 
5.0 cm from a concave mirror of focal length 3.0 cm.

Solution

A ray diagram must first be constructed for a concave mirror with P, F and C clearly marked. 
From the question:

 f  = + 3.0 cm (concave mirrors have positive focal lengths)
so  r  = + 6.0 cm (as r = 2f and is also positive)

The object should then be added to the diagram. It is helpful to apply the same scale to both 
distance and height, though not essential.

 do   = + 5.0 cm (object is real so has a positive distance)
 ho  = 1.0 cm

By applying all four rules it is possible to determine the position of the image, from which 
the properties can be determined.

As all rays pass through the image it is described as real, and a solid arrow added to the 
diagram to show its position.



Properties of the image:
Nature: Size: Orientation: Magnification:
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Exercise 3A

1 Complete the following ray diagrams by applying all four rules. (Scale: One square = 0.5 cm)
a Find the position and properties of the image formed by a 2.0 cm tall object placed 7.0 cm 

from a concave mirror of focal length 2.5 cm.

  By measurement: Magnification  = hi = 1.2 cm =  1.5
         ho   0.8 cm
  Properties: The image is magnified, inverted and real.

Real Diminished (hi = 1.1 cm) Inverted m   
.
.

=
1 1
2 0

 = 0.55 (A) 

F

CO

I



Properties of the image:
Nature: Size: Orientation: Magnification:

Properties of the image:
Nature: Size: Orientation: Magnification:
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b Find the position and properties of the image formed by a 2.0 cm tall object placed 7.0 cm 
from a convex mirror of focal length 2.5 cm.

c Find the position and properties of the image formed by a 1.0 cm tall object placed 1.0 cm 
from a concave mirror of focal length 5.0 cm.

Virtual Diminished (hi = 0.5 cm) Upright m   
.
.

=
0 5
2 0

 = 0.25 (A) 

Virtual Magnified (hi = 1.25 cm) Upright m   
.
.

=
1 25
1 0

 = 1.25 (A) 

F C
O I

F

O I



Properties of the image:
Nature: Focal length: Radius of curvature:

O

I

Properties of the image:
Nature: Focal length: Radius of curvature:

O

I
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e The object and image are shown on the diagram below. State the nature of the image and then 
using the ray rules, determine the focal length and radius of curvature of the convex mirror.

d The object and image are shown on the diagram below. State the nature of the image and 
then using ray diagrams, determine the focal length and radius of curvature of the concave 
mirror.

r = 4.0 cm. (A)

r = 28.0 cm. (A)

Real f = 2.0 cm

Virtual f = 24.0 cm

O

F
C

I

I

O

F C



Properties of the object:
Size: Object distance:

I
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f Find the size and position of an object which forms a 2.0 cm tall virtual image in a concave 
mirror. The image distance is the same size as the focal length (f  ) = 4.0 cm.

2 Use the mirror formula                               to solve the following problems.

a Geetasha places a concave mirror 60 cm away from a candle and focuses a real image onto a 
piece of card 40 cm away from the mirror. Determine the focal length of the mirror.

 
 
 
 

b Matthew is standing 4.8 m away from a shop security mirror. The mirror is convex and has a 
focal length of 7.2 m. Calculate the distance of Matthew’s virtual image from the pole of the 
mirror.

 
 
 
 

c Using a concave mirror of focal length 5.0 m Ashwin is able to produce an image of a distant 
tower on a screen 5.1 m away from the pole of the mirror. Calculate the distance of the tower 
from the mirror.

 
 
 
 

      
1     =

    1      +      1

                         f              di              do  

do = 2.0 cm, (A)ho = 1.0 cm

1 1 1
f d di o

= +   substituting 1
5 0

1
5 1

1
. .

= +
do

 rearranging  
1 1

5 0
1

5 1
3 9 10 3

do
= − = × −

. .
. do = 255 m (A)

1 1 1
f d di o

= +  substituting  
1 1

40
1

60
1

24f
= + =  hence f = 24 cm (A)

1 1 1
f d di o

= +  substituting 
1
7 2

1 1
4 8−

= +
. .di

rearranging 
1 1

7 2
1

4 8
0 347

di
=

−
− =−

. .
.  hence 

di = -2.9 m (A)

F O

I
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3 Use                               and                             to solve the following problems.

a A concave mirror of focal length 18 cm is used to produce a real image of an object placed 
42 cm from the pole of the mirror. Given that the object is 9.0 cm tall, determine:
 i the distance of the image from the mirror
 ii the magnification
 iii the size of the image.

 
 
 
 
 
 

b Andrew can see a 6.4 m tall tree from his bedroom 13 m away. He uses a concave mirror to 
form a real image of the tree on a screen. The image is 42 cm tall. Calculate:
 i the magnification of the image
 ii the distance of the image from the pole of the mirror
 iii the focal length of the mirror.

 
 
 
 
 
 

4 Use r = 2f,                                and                             to solve the following problems.

a Divya is 0.84 m tall and stands 1.7 m away from a convex mirror with a radius of curvature of 
10.2 m. Calculate:
 i the focal length
 ii the distance of Divya’s image from the mirror
 iii the magnification
iv the height of the image.

 
 
 
 
 
 

      
1     =

    1      +      1

                         f              di              do  

      
1     =

    1      +      1

                         f              di              do  

m  =   
di   =

   hi

                   do          ho  

m  =   
di   =

   hi

                   do          ho  

i m
h
h

i

o
=  substituting m =

0 42
6 4
.
.

 hence m = 0.0656,

ii m
d
d

i

o
= substituting 0 0656

13
. =

di  hence di = 0.85 m, 

iii 1 1 1
f d di o

= + substituting 
1 1

0 85
1

13
1 25

f
= + =

.
. hence f  = 0.80 m (E)

i r f= 2  substituting − =10 2 2. f  hence f     .  = −5 1 m  (negative as convex mirror)

ii  1 1 1
f d di o

= +  substituting 
1
5 1

1 1
1 7−

= +
. .di

 rearranging 
1 1

5 1
1

1 7
0 784

di
=

−
− =−

. .
.  hence 

di     .  = −1 275 m,
iii m

d
d

i

o
=  substituting m =

1 275
1 7
.

.
 hence m = 0.75,

iv m
h
h

i

o
=  substituting 0 75

0 84
.

.
=

hi  hence hi = 0.63 m (E)

i 1 1 1
f d di o

= +   substituting 1
18

1 1
42

= +
di

 rearranging  1 1
18

1
42

2
63di

= − = hence di = 31.5 cm,

ii m
d
d

i

o
=  substituting m = =

31 5
42

0 75
.

.  m

iii m
h
h

i

o
=  substituting 0 75

9 0
.

.
=

hi  hence hi = 6.75 cm (E)
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b Katie can see her image in a convex mirror of radius of curvature 6.6 m. Her image is 41 cm 
tall and appears to be 2.4 m inside the mirror. Calculate:
 i the distance of Katie from the pole of the mirror
 ii the magnification of the image
 iii Katie’s real height.

 
 
 
 
 
 

5 Philip uses a convex mirror of focal length 32 cm to produce an image of a book placed at a 
distance, do in front of the mirror. Given that the image is half the size of the book, calculate the 
distance between the book and its image.

 
 
 
 
 
 
 
 

6 Sue uses a concave mirror with a focal length of 15 cm to produce an image of a flower that is 
twice the size of the actual flower. Determine the two possible positions where Sue could place 
the flower to achieve these images.

 
 
 
 
 
 
 
 

i  r f= 2  substituting − =6 6 2. f  hence f  = -3.3 m (negative as convex mirror),  

Hence 1 1 1
f d di o

= +  substituting 1
3 3

1
2 4

1
−

=
−

+
. . do

 rearranging 1 1
3 3

1
2 4

0 114
do

=
−

−
−

=
. .

.  

hence do m    .  = 8 8 ,

ii m
d
d

i

o
=  substituting m =

2 4
8 8

.

.
 hence m = 0.27,

iii m
h
h

i

o
=  substituting 0 27

0 41
.

.
=

ho
 hence ho = 1.50 m (E)

m
h
h

d
d

i

o

i

o
=

−
= =

1
2

 so d do i=−2  substituting into 1 1 1
f d di o

= +  gives 
1

0 32
1 1

2−
= +

−. d di i

 hence  

− =0 32 2. di  so di =−0 16.  m  which gives do =− × −( )=2 0 16 0 32. .  m hence  

d di o+ = + =0 16 0 32 0 48. . .  m  (E)

m
h
h

d
d

i

o

i

o
=

±
= =

2
1

 so d di o= ±2  two solutions as the image could be real (+) or virtual (-) 

substituting into 
1 1 1
f d di o

= +  gives 
1

0 15
1
2

1

0.
=

±
+

d do
 hence 0 15

2
3

0. =
d

 so d m0 0 225= .   OR 

0 15 2 0. = d  so d0 0 075= .  m (E)
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43ISBN: 9780170195997

Light and waves

7 Tony is studying reflection. He places a mirror opposite to a wall that has been painted white. 
Tony can see a reflection of the ceiling lamp in the mirror but not in the wall. Complete the 
following diagram for rays striking the two plane surfaces, and use your diagram to explain why 
a clear image can be seen in a mirror but not in a wall. For each surface you should draw:
•	 Normals	where	the	rays	strike	the	surface.
•	 Reflected	rays	that	obey	the	laws	of	reflection.
•	 Construction	lines	inside	the	surface	to	show	where	the	ray	appears	to	have	come	from.

 
 
 
 
 
 
 
 

8 With the aid of two diagrams, explain how you could find the principal focus of a concave mirror 
and a convex mirror. Your diagrams should be clearly labelled with the pole (P), principal focus (F), 
centre of curvature (C), focal length (f ) and the radius of curvature (r .)

 
 
 
 

(See diagram) The principal focus of a mirror can be found by shining parallel rays of light towards 

the surface of the mirror. Upon reflection the parallel rays will converge on the focal point of a 

concave mirror, and appear to diverge from the focal point of a convex mirror. (E)

(See diagram) Rays striking the mirror all appear to diverge from a single point inside the mirror, 

where the image is formed. The image will be as far behind the mirror as the object is in front. 

Rays striking the wall are scattered and do not appear to come from the same point so no image is 

formed. (E)



Original convex 
wing mirror

Car Car Temporary fix 
plane wing mirror
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9 The wing mirror on Jigna’s car is broken, so she tries to fix it using a plane mirror. Using the 
laws of reflection, complete the following diagrams to determine the difference in ray paths 
for a plane mirror and a convex mirror. Discuss the images that Jigna sees in each mirror. Your 
discussion should include the properties of the image and compare the size of the field of view 
each mirror produces.

 
 
 
 
 
 
 
 
 
  

3.4 Refraction
When light travels from a low optically dense medium, such as air, into a high optically dense 
medium, such as glass, it slows down. The greater the increase in optical density, the greater the 
decrease in the speed of the light. This is described as an inversely proportional relationship.

refractive index for medium 1   =   speed of light in medium 2 (m s-1)
refractive index for medium 2        speed of light in medium 1  (m s-1)

n1   =
    v2

n2         v1

If the incident ray strikes the boundary at an angle, then this change in speed also causes the ray 
to change direction. The light is described as being refracted.

(See diagram) Both images will be virtual, upright and laterally inverted. The convex mirror will 

provide a much wider field of view than the plane mirror, however the image will be smaller and so 

appear further away. The image in the plane mirror will be as far behind the mirror as the object is 

in front giving Jigna a better idea of the location of following cars, however the field of view will be 

very narrow. (E)
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1
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prism
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The laws of refraction
Law 1 For a particular colour of light, the ratio of the sine of the angle is inversely proportional to 
the ratio of the refractive index as the ray travels from one medium to the other, so we have:

n1 sin 1   =  n2 sin 2

This is also known as Snell's Law.

Law 2 The incident ray, the normal and the refracted ray all lie on the same plane.

Combining Snell’s Law and the relationship between velocity and refractive index gives us:

n1      =
      v2      

=
      sin 2

  n2              v1               sin 1

Dispersion
The refractive index of a material depends on the colour (frequency) of the light incident upon it. 
This means that different colours are refracted by different amounts.

This can be clearly seen when white light is incident upon an equilateral prism at an angle. The 
white light is observed to split up or disperse into a band of colours known as a spectrum.



Medium 1

Medium 2
Refracted ray

Incident ray 1

1

2

Refracted ray

Reflected rayIncident ray 2

1 = c

2 = 90º

Totally 
internally 
reflected rayIncident ray 3

1 > c

Weak 
reflected ray

Worked example: The laws of refraction

Refracted ray

Air

Water

Incident ray

65º

Underwater light
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Total internal reflection and the critical angle
When light travels from a high optically dense to a low optically dense medium, the ray is refracted 
away from the normal and a weak ray is reflected internally back into the denser medium (Incident ray 1).

As the angle of incidence (1) increases so does the angle of refraction (2), until a certain angle of 
incidence is reached, called the critical angle (c), at which point the angle of refraction 2 = 90°, and 
a weak refracted ray passes along the surface of the denser medium (Incident ray 2).

The critical angle can be calculated by comparing the refractive index of the two media.

sin c   = 
  n2

                    n1

For angles of incidence greater than this critical angle (c), the refracted ray disappears and all the 
light is totally internally reflected (TIR) (Incident ray 3), resulting in a bright reflected ray.

A ray from a swimming pool light is incident upon 
the surface of the water at an angle of 65° to the 
surface, as shown in the diagram.
Calculate the angle of refraction of the ray in  
the air.

 Absolute refractive index of air, na = 1.00
 Absolute refractive index of water, nw = 1.33

Solution  
Watch out! Angles must always be measured to the 
normal. Whenever an angle is given that is measured to the surface we must first determine the 
incident angle as measured to the normal.
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Exercise 3B

1 Complete the following ray paths for a ray of yellow light travelling through each block. You 
should draw a normal at the point where the ray is incident upon each boundary, and include 
both refracted rays and internally reflected rays.

Consider your answer: When the ray enters the air it will speed up, and since the angle of 
refraction is proportional to the velocity we would expect the angle to get bigger. This 
agrees with our solution.

Given na =  1.00
  nw =  1.33
  angle to the surface   =   65°
Unknown a =  ?
Equations n1 sin 1    =    n2 sin 2

Substitute w must be measured to the normal
  w =  90 – 65 = 25°
  nw sin w   =   na sin a

  1.33 sin 25   =    1.00 sin a

  sin a    =
    1.33 sin 25    =    0.562

                     1.00
  a =  sin-1 (0.562)
Solve a =  34° (2 s.f. due to the angle)

a

d

b

e

c

f

Glass Glass
Glass

Glass

Glass

Air Air

Air

Air
Air

Air

Air

Glass

See diagrams

Air

Glass Glass

Air

Air

Glass
Air

Air

Air
Glass

Air

Glass
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2 By considering these equations, describe what will happen in the situations that follow, stating 
which equation informed your decision:

a A ray is incident upon a more optically dense medium normal to the surface (i = 0°.) 
Describe the change in velocity and angle to the normal in the new medium.

 
 
 

b A ray is incident upon a more optically dense medium at an angle to the surface. Describe 
the change in velocity and angle to the normal in the new medium.

 
 
 

c A ray enters a new medium at an angle and speeds up. Describe the change in refractive 
index and angle to the normal.

 
 
 

d A ray enters a new medium and the angle to the normal decreases. Describe the change in 
velocity and refractive index.

 
 
 

3 Use these equations to solve the problems that follow.

a A ray of yellow light is travelling through water at a speed of 2.25 × 108 m s-1 when it 
is incident upon a sheet of ice, causing it to speed up to 2.29 × 108 m s-1. Calculate the 
refractive index of ice. (Absolute refractive index of water, nw = 1.33.) 

 
 
 

n1     =
     sin 2

n2            sin 1

n1     =
     sin 2

n2            sin 1

sin 1       =     
v1

sin 2                   v2

sin 1       =     
v1

sin 2                   v2

n1     =
     v2

n2            v1

n1     =
     v2

n2            v1

Velocity decreases, no change in angle as the ray travels along the normal. (A)

Velocity decreases, angle decreases. (A)

Optical density decreases, angle increases. (A)

Velocity decreases, refractive index increases. (A)

Using n
n

v
v

1

2

2

1
=  substituting 1 33 2 29 10

2 25 10

8

8
. .

.ni
=

×
×

 so ni =1 31. ( ) A
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b A ray of yellow light in air is incident upon a glass block at an angle of 57.8° to the normal 
and is refracted at an angle of 31.9°. Calculate the absolute refractive index of the glass. 
(Absolute refractive index of air, na = 1.0.)

 
 
 
 

c A ray of yellow light in water is incident upon the surface at an angle of 22.0° to the normal 
and is refracted at an angle of 29.9° to the normal. Calculate the speed of yellow light in the 
water. (Speed of light in air, va = 3.0 × 108 m s-1.)

 
 
 
 

d Crystalline silicon has a refractive index of ns= 3.97 for yellow light. Determine the change 
in the speed of light if a ray of yellow light travels from air into a sheet of crystalline silicon. 
(Absolute refractive index of air, na = 1.0008; velocity of light in air, va = 2.996 × 108 m s-1.)

 
 
 
 
 
 

e A ray of yellow light travels from inside an acrylic glass block into air. It is incident upon 
the boundary at an angle of 28° to the normal. Calculate the angle of refraction and the 
angle through which the ray is deviated. (Absolute refractive index of air, na = 1.00; absolute 
refractive index of acrylic glass, ng = 1.49.)

 
 
 
  
 
 
 

Using n
n

1

2

2

1
=

sin
sin

 
 
θ
θ

 substituting 1 49
1 00 28

.

.
sin
sin

  
 
 

=
θac  so θac = °44

Hence the angle of deviation, θ θ θdev ac a= − = − = °44 28 16  (M)

Using n
n

1

2

2

1
=

sin
sin

 
 
θ
θ

 substituting 1 0 31 9
57 8

. sin .
sin .ng

=
 
 

 so ng =1.6 (A)

Using sin
sin

 
 
θ
θ

1

2

1

2
=

v
v

 substituting sin .
sin . .

22 0
29 9 3 0 108=

×
vw  so vw = 2.3 ´ 108 m s-1 (A)

Using n
n

v
v

1

2

2

1
=  substituting 1 0008

3 97 2 996 108
.

. .
=

×
vSi so vSi = 0.755 ´ 108 m s-1

Hence the change in speed, ∆v v vSi a= − =− × −2 24 108 1. ms (M)
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4 In Borneo an orang-utan was photographed 
attempting to catch fish using a spear – behaviour 
it had learned from observing local fishermen. But 
even orang-utans need to understand physics if they 
want to catch fish! On the diagram below are three 
rays of light travelling from the nose of the fish to the 
surface. The rays strike the surface at 30°, 40° and 50° 
to the normals (na = 1.00, nw = 1.33).

a Using Snell’s Law, determine the path of the light rays after they are incident upon the 
surface.

 
 
 
 
 
 
 
 

b Draw the paths onto the diagram and use them to find the position of the image of the fish.

c Determine if the orang-utan will get his fish, and if not suggest how he could increase his 
chance of success?

 
 
 
 
 

The stick is pointing at the image, not the real fish so the orang-utan will miss. By placing the end 

of the stick in the water, the light from the stick will be refracted as well. The orang-utan must then 

line up the image of the stick with the image of the fish. (M)

See diagram

Using 
n
n

1

2

2

1
=

sin
sin

 
 
θ
θ

 substituting 
1 33
1 00 30

.

.
sin
sin

=
 
 
θa  hence sin

. sin
.

 θa =
×1 33 30
1 00

 so θa = −sin .1 0 665   

so θa = °42  when θw = °30

When θw = °40  then sin
. sin

.
 θa =

×1 33 40
1 00

 so θa = −sin .1 0 855  so θa = °59 , 

When θw = °50  then sin
. sin

.
 θa =

×1 33 50
1 00

 so θa = −sin .1 1 02  which gives a math error implying 

that θw  is greater than the critical angle of water.

Critical angle is given by sin
.
.

C =
1 00
1 33

 so as C = 48.8°, that means θw  is greater than the critical 

angle of water so will be reflected back into the water at 50° to the normal. (E)

Image of fish
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5 Safety glass is constructed from three layers made up of two identical layers of glass with a layer 
of polyvinyl butyral (PVB) binding the two sheets of glass together. (Absolute refractive index of 
air, na = 1.00; absolute refractive index of glass, ng = 1.55; absolute refractive index of PVB,  
np = 1.48; speed of light in air = 3.00 × 108 m s–1.)

a Complete the diagram at right to show the path of a ray 
through the safety glass.

b Calculate the speed of light in the PVB.

 
 
 
 
 
 
 

c Calculate the angle of refraction in the lower glass layer.

 
 
 
 

6 When a ray of white light passes through a prism it splits up to form a rainbow.

a Name the effect that causes white light to form a spectrum, and explain why it occurs.

 
 
 
 
 
 
 
 
 
 
 

As Snell’s law compares angles and refractive indexes, we can compare the air to the lower glass 

layer directly.

See diagram below

The effect is called dispersion. The refractive index of a material depends upon the wavelength of 

light being transmitted. White light has a range of wavelengths from about 350 nm for violet light 

to 650 nm for red light. The refractive index is greater for short wavelengths, hence all colours will 

refract by different amounts with violet light refracting the most and red light the least.

Using n
n

v
v

1

2

2

1
=  substituting 1 00

1 48 3 00 108
.
. .

=
×

vPVB   

so vPVB = 2.03 ´ 108 m s-1   

As Snell’s law compares velocities and refractive indexes, 

we do not need to find the speed in the glass first, but can 

compare the air to the PVB directly.

Using n
n

1

2

2

1
=

sin
sin

 
 
θ
θ

  substituting  1 00
1 55 41

.

.

sin

sin
=

 

 

θg  so θg = °25
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b Complete the diagram to show what would happen to the ray of white light that is incident 
upon an equilateral prism.

7 Gordon shines a yellow ray into a solid glass fibre as shown in the diagram below, and observes 
the beam come out of the other end. (Absolute refractive index of glass, ng = 1.48; absolute 
refractive index of air, na = 1.00.)

a Draw the path of the ray until it leaves the glass fibre.

b Gordon tries to make his own optic fibre using a glass tube, as shown in the diagram below. 
Explain why Gordon’s glass tube will not work as an optic fibre and draw the path of the ray 
until it leaves the glass tube.
•	 Your	explanation	should	state	the	physics	ideas	behind	the	optic	fibre	and	include	the	

conditions necessary for this to occur.

 
 
 
 
 
 
 
 
 
 
 

See diagram.

See diagram.

See diagram.

Optic fibres work by total internal reflection (TIR). For this to occur the light must be travelling in a 

high optically dense medium towards a lower optically dense medium, at an angle which is greater 

than the critical angle.

When the ray first enters the optic fibre it is refracted towards the normal. It then strikes the upper 

surface at an angle greater than the critical angle and undergoes TIR. This happens several times 

before the ray reaches the far end.

When the ray enters the glass tube it is refracted towards the normal, but strikes the upper surface 

at an angle much less than the critical angle so is refracted out of the glass tube at the top.

Glass

Air
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O
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Any two rays are sufficient to determine the position of the image. A third ray can be drawn to 
confirm the answer.
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3.5 Spherical lenses

Convex lenses (converging)
Rays parallel and close to 
the principal axis will, upon 
refraction, converge on the 
principal focus (F) of the 
lens.

Concave lenses (diverging)
Rays parallel and close to 
the principal axis will, upon 
refraction, form a diverging 
beam which appears to 
come from the principal 
focus (F) of the lens.

O Optical centre of the 
lens

F Principal focus (real)
f Focal length (positive)

O Optical centre of the 
lens

F Principal focus  
(virtual)

f Focal length (negative)

Ray diagrams
The position, size and nature of the image (I) of an object (O) produced by a spherical lens can be 
found by drawing a ray diagram using three rules:

Rule 1 A ray parallel to the principal axis is refracted through the focal point (or appears to 
diverge from it).

Rule 2 A ray through (or from) the focal point is refracted parallel to the principal axis.
Rule 3 A ray incident on the optical centre of the lens passes through undeviated (without 

changing direction).



do

di

ho

hi

f

P

f

Image

do = distance from the object to the lens
di  = distance from the image to the lens
ho = height of the object
hi = height of the image
f = focal length of the lens

Object
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Lens formula
The object and its image are related mathematically in terms of their position, size and the focal 
length of the lens.

Magnification formula
To determine the magnification (m) produced by a lens:

Focal length formula
To determine the position of an image, an object or the focal length of a lens:

Real-is-positive convention
When solving lens formula problems it is essential to substitute the appropriate sign(s) into the 
equations. The value and sign of the answer will then provide information about its position, size and 
nature.
•	 Convex	lenses	have	a	real principal focus so the focal length (f  ) is positive.
•	 Real objects and images have positive distances.
•	 Concave	lenses	have	a	virtual principal focus so the focal length (f  ) is negative.
•	 Virtual objects and images have negative distances.

Magnifications (m) are always quoted as positive in questions, but the magnification of a virtual 
image should be substituted into equations as a negative value.

      
1     =

    1      +      1

                         f              di              do  

m  =   
di   =

   hi

                   do          ho  



Worked example: Lens calculation

Solve 1  =      1     –     1       =    5   
 di       11.0       66.0      66.0
 di

 =  66.0
           5
 di =  13 cm (2 s.f.)

 di is positive so image is real
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Magnification:

Determine the position and properties of the image formed by a 20 cm tall candle placed 
66.0 cm away from a convex lens of focal length 11.0 cm.

Solution
Position and nature of the image:

Given do =  +66.0 cm
 di =  +13.2 cm
 ho =  20 cm
Unknown m =  ?

Equations m =  di
   do

Substitute m =  13.2
   66.0
Solve m =  0.200

 m < 1 so image is diminished

 And as  m  =  hi  so  hi    =     mho 
    ho 
 Hence  hi  =  0.200×20
  hi  =  4.0 cm (2 s.f.)

Given do =  +66.0 cm
 f =  +11.0 cm
Unknown di =  ?
Equations  1 =  1   +   1
   f     di      do

Substitute   1   =  1   +    1  
 11.0  di     66.0



Properties of the image:
Nature: Size: Orientation: Magnification:

Properties of the image:
Nature: Size: Orientation: Magnification:
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Exercise 3C

1 Complete the following ray diagrams by applying all three rules. (Scale: One square = 0.5 cm)
a Find the position and properties of the image formed by a 1.5 cm tall object placed 6.5 cm 

from a convex lens of focal length 3.5 cm.

b Find the position and properties of the image formed by a 2.0 cm tall object placed 2.5 cm 
from a concave lens of focal length 7.5 cm.

Real Magnified (hi = 1.8 cm) Inverted m   
.
.

= =
1 8
1 5

1.2 (M) 

Virtual Diminished (hi = 1.5 cm) Upright m   
.
.

 = =
1 5
2 0

0.75 (M) 

F FO

I

F F
O I



Properties of the image:
Nature: Size: Orientation: Magnification:

Properties of the image:
Nature: Focal length:

O

I
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c Find the position and properties of the image formed by a 2.5 cm tall object placed 7.0 cm 
from a convex lens of focal length 3.5 cm.

d The object and image are shown on the diagram below. State the nature of the image and 
then by drawing a ray diagram, determine the focal length of the lens.

f = -3.5 cm. (M)

Real Same size (hi = 2.5 cm) Inverted m   
.
.

= =
2 5
2 5

1.0 (M) 

Virtual

F F
O

I

O

I
F F



Properties of the image:
Nature: Focal length:

Properties of the image:
Size: Object distance:

O

I

I
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e The object and image are shown on the diagram below. State the nature of the image and 
then by drawing a ray diagram determine the focal length of the lens.

f Find the size and position of an object which forms a 0.5 cm tall virtual image in a concave 
lens. The image distance is 1.5 cm and the focal length of 2.0 cm.

f = 2.1 cm. (M)

do = 6.0 cm, (M)

Virtual

ho = 2.0 cm

O
F FI

I
FF

O
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2 Use the lens formula                                to solve the following problems.

a Andrija places a convex lens 100 cm away from a lamp and focuses a real image onto a 
screen 36 cm away from the lens. Determine the focal length of the lens.

 
 
 
 

b Using a convex lens of focal length 11 cm Devyani focuses an image of a candle onto a 
screen 66 cm away from the pole of the lens. Calculate the distance of the candle from the 
lens.

 
 
 
 

c Vincent holds a concave lens 0.44 m away from a TV screen. The lens has a focal length of 
5.0 m. Calculate the distance of the TV’s virtual image from the pole of the lens.

 
 
 
 

3 Use                and          to solve the following problems.

a Prachi uses a convex lens of focal length 73 cm to produce a real image of a super bright 
LED placed 74 cm from the pole of the lens. Given that the object is 0.8 cm tall, determine:
 i the distance of the image from the lens
 ii the magnification
iii the size of the image.

 
 
 
 
 
 
 
 
 

      
1     =

    1      +      1

                         f              di              do  

      
1     =

    1      +      1

                         f              di              do  
m  =   

di   =
   hi

                   do            ho  

1 1 1
f d di o

= +  substituting 
1
5 0

1 1
0 44−

= +
. .di

 rearranging 
1 1

5 0
1

0 44
2 47

di
=

−
− =−

. .
.   

hence di = -0.40 m

1 1 1
f d di o

= +  substituting 
1 1

36
1

100
0 0378

f
= + = .  hence f = 26 cm (A)

1 1 1
f d di o

= +  substituting 
1

11
1

66
1

= +
do

 rearranging 
1 1

11
1

66
0 07576

do
= − = .  so do = 13 cm

i  
1 1 1
f d di o

= +  substituting 
1

0 73
1 1

0 74.
       

.
= +

di
 rearranging 

1 1
0 73

1
0 74

1
54 02di

= − =
. . .

  

so di = 54 m,

ii m
d
d

i

o
=  substituting m = =

54 02
0 74

73
.

.

iii m
h
h

i

o
   =  substituting 73

0 008
   

.
=

hi  hence hi = 0.58 m (E)
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b Seung Jae can see a 150 m tall building from his house 2.30 km away. He uses a convex lens 
to form a real image of the building on a screen. The image is 0.75 m tall. Calculate:
 i the magnification of the image
 ii the distance of the image from the pole of the lens
 iii the focal length of the lens.

 
 
 
 
 
 

4 Use                           and                          to solve the following problems.

a Chirag is 1.72 m tall and stands 4.0 m away from a concave lens with a focal length of 12 m. 
Calculate:
 i the distance of Chirag’s image from the lens
 ii the magnification
 iii the height of the image.

 
 
 
 
 
 

b Ginal is viewing a weta in a convex lens of 
focal length 77 cm. The weta’s image is 12.6 cm 
long and appears to be 30.8 cm inside the lens. 
Calculate:
  i the distance of the weta from the pole of 

the lens
 ii the magnification of the image
iii the weta's real length.

 
 
 
 
 
 

    
1     =

    1      +      1

                        f              di              do  
m  =   

di   =
   hi

                   do          ho  

i m
h
h

i

o
=   substituting m =

0 75
150

.
 hence m = 0.0050,

ii m
d
d

i

o
=   substituting 0 005

2300
. =

di  hence di = 11.5 m, 

iii 
1 1 1
f d di o

= +  substituting 
1 1

11 5
1

2300
0 087

f
= + =

.
.  hence f = 11.4 m (E)

i  
1 1 1
f d di o

= +  substituting 
1
12

1 1
4 0−

= +
di .  rearranging 

1 1
12

1
4 0

0 333
di

=
−

− =−
.

.   

hence di     .= −3 0 m, 

ii m
d
d

i

o
= substituting m =

3 0
4 0

.

.
 hence m = 0.75, 

iii m
h
h

i

o
=  substituting 0 75

1 72
.

.
=

hi  hence hi = 1.3 m (E)

i  Hence 
1 1 1
f d di o

= +  substituting 
1

0 77
1

0 308
1

. .
=

−
+

do
 rearranging 

1 1
0 77

1
0 308

4 55
do

= −
−

=
. .

.   

hence do    .  = 0 22 m,   

ii m
d
d

i

o
= substituting  m =

0 308
0 22
.
.

 hence m = 1.4, 

iii m
h
h

i

o
= substituting 1 4

0 126
.

.
=

ho
 hence ho = 0.09 m (E)
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5 Ethan uses a convex lens with a focal length of 35 cm to produce an image of a candle that is five 
times the size of the actual candle. Determine the two possible object distances where Ethan 
could place the candle to achieve these images.

 
 
 
 
 
 
 
 

6 Alex uses a convex lens of focal length 18 cm to produce an image on a screen of a lantern 
placed at a distance, do in front of the lens. Given that the image is one-third the size of the 
lantern, calculate the distance of the lantern from its image.

 
 
 
 
 
 
 

7 Judy used a white light source and a thick magnifying glass to study the properties of images 
produced by convex lenses. When she looked closely at the images on a screen she noticed that 
they appeared to be coloured around the edges, as shown in the diagram below.

m
h
h

d
d

i

o

i

o
=

±
= =

5
1

 so d di o= ±5  two solutions as the image could be real (+) or virtual (-) 

substituting into 1 1 1
f d di o

= +  gives 
1

0 35
1
5

1

0.
=

±
+

d do
 hence 0 35

5
6

0. =
d

 so d m0 0 42= .    OR 

0 35
5

4
0. =

d
 so d0 0 28= . m  (E)

m
h
h

d
d

i

o

i

o
= = =

1
3

 so d do i= 3  substituting into 
1 1 1
f d di o

= +  gives 1
0 18

1 1
3.

= +
d di i

 hence 0 18
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 Judy thinks that the thick lens might be behaving like two prisms stuck together, as shown 
below.

 With the aid of the diagram above, explain why the image appears coloured.

 
 
 
 
 
 
 
 
 
 

8 Sue carries out an experiment to find the focal length of a convex lens. She places a candle at 
different distances from the lens and finds the location of the real image by moving a screen 
backwards and forwards until she achieves a sharp image. Her results are shown in the table.

Distance 
from the lens 
to the object, 

do (m)

Distance 
from the 

lens to the 
image, di (m)

0.20 No image

0.40 0.67

0.60 0.43

0.80 0.37

1.00 0.33

1.20 0.32

 Sue doesn’t recognise the shape of this graph, but knows that the relationship between image 
distance and object distance can be written as:

      
1     =

    1       +      1

                        f                 di               do  

The refractive index of a material depends upon the wavelength of light being transmitted. White light 

has a range of wavelengths from about 350 nm for violet light to 650 nm for red light. The refractive 

index is greater for short wavelengths, so violet light refracts more than red light. This means that the 

focal length for the lens with blue light is shorter than the focal length of the lens in red light. The 

different coloured images of the lamp form in different places resulting in a single image with coloured 

edges.



(           ) (           ) 
1    

do  

 
1    

di  
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c Plot a graph with   
1    

di  

   on the y-axis and   
1    

do  

   on the x-axis.

d Determine the gradient and intercept of the graph and state the equation of the line.

  
  
  
  

e By comparing your equation of the line with the given formula, determine the focal length 
of the lens.

  
  
  
  

f Explain why Sue could not form an image on the screen when the object was placed 0.20 m 
from the lens.

  
  
  

a Process the data by calculating  
1    

do  

  and   
1    

di  

  and putting the values in the table below. 
 
 (Note: You cannot process the data for 0.20 m as no image was found.)
b Write the unit for the processed data in the column heading.

Results table:
See Results table:

5.0

2.5

1.7

1.3

1.00

0.830

no image

1.5

2.3

2.7

3.0

3.2

m-1 m-1

See graph.

c = 4 m-1

1 1 1
d d fi o

       = − + , so 
1

4
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. .
. .
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−
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0 7 3 3
3 3 0 7

1 0 no unit

1 1
4

d di o
          ( )= − +  M

The convex lens has a focal length of 0.25 m which means an object placed at 0.20 m will form a 

virtual image only, consequently no image is formed on the screen. (M)
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3.6 Wave phenomena

A wave motion will occur as a result of a regular disturbance of a mechanical medium, such as air 
(e.g. the transmission of sound); or an electric and magnetic field (e.g. transmission of light). It is a 
means of transferring energy from one region to another without there being any transfer of matter 
between the regions.

There are two general types of waves:
•	 Transverse waves: Particles in the medium are displaced at right angles to the direction of 

travel of the wave (side-to-side vibrations).

•	 Longitudinal waves: Particles in the medium are displaced parallel to the direction of travel of 
the wave (a long the same line).

Representing waves
Both transverse and longitudinal waves can be represented as a sine wave with certain properties.
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Wave properties
•	 Crest or peak: The top of a wave.

•	 Trough: The bottom of a wave.

•	 Phase: A means of comparing two points on a wave.
- Two points are in phase if their maximum and minimum values occur at the same instant, 

otherwise there is said to be a phase difference.

•	 Wavelength (): The distance between two points on a wave with the same phase, measured in 
metres (m). Often measured in nm = 1 x 109 m for electromagnetic waves.

•	 Amplitude (a): The greatest displacement of the wave from its equilibrium position, measured 
in metres (m). The amplitude describes how much energy a wave transfers.

•	 Period (T ): The time taken for one complete wave to pass a point, OR the time taken for a part 
of the wave to complete one oscillation, measured in seconds (s).

•	 Frequency (f  ): The number of complete waves produced each second, OR the number of 
complete waves to pass a point each second, measured in hertz (Hz) or per seconds (s-1). Often 
measured in kHz = 1 x 103 Hz, MHz = 1 x 106 Hz, GHz = 1 x 109 Hz.

f  =   1
         T

- Sound can also be described in terms of the pitch of the note, e.g. middle C, A sharp. High 
frequency waves have a high pitch. Low frequency waves have a low pitch.

Wave equation
Velocity, frequency and wavelength are related by the formula:

v = f 

where: v  =   wave speed in m s-1

 f   =   frequency in hertz (Hz)
	 	 =  wavelength in metres (m)



Transverse wave

A

A         B             C          D          E           F          G

B

D

F

GC E

Longitudinal wave

b Define the term 'phase' and identify two points in each wave that are in phase.

 
 
 
 

c Identify two points that are completely out of phase and explain your choice.

 
 
 
 

2 Each time a sea wave passes a boat, it causes the boat to rise through a distance of 3.0 m. 
Determine the amplitude of the waves.

 
 
 

3 As Krishna stands on the deck of a large ship she observes that six waves fit perfectly between 
the front and the back of the ship.

a Given that the ship is 72 m long, determine the wavelength of the waves.
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Exercise 3D

1 Ethan uses a spring to demonstrate wave motion. First, he sends a transverse wave down the 
spring, then he sends a longitudinal wave down the spring, as shown in the diagrams below.
a Complete the diagrams by filling in the labels.

Perpendicular 
vibrations

Crest

Amplitude

Velocity

CompressionParallel 
vibrations

WavelengthTrough

Rarefaction

Wavelength Velocity

Two points are in phase if there maximum and minimum values occur at the same instant: (A and E), 

(B and F), (C and G) are all in phase.

(A and C) and (E and G) are moving in opposite directions and one will reach the maximum as the 

other reaches the minimum. (B and D) are stationary and at the opposite positions on the wave.

A   = 1.5 m= 
.
.

3 0
2

λ   =
72
6

 = 12 m
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b If it takes 30 seconds for the crest of a wave to travel from one end of the ship to the other 
calculate the speed of the wave.

 
 

c Calculate the frequency of the waves and state two possible units for frequency.

 
 

 i Frequency 

 ii Unit 

 iii Alternative unit 

4 A speaker cone vibrates with a frequency of 440.0 Hz causing a sound wave to travel away from 
the speaker at 330.0 m s-1.

a Define frequency, and explain how the sound wave travels through the air.

 
 
 
 
 
 

b Calculate the time period of the wave.

 
 

c Calculate the wavelength of the wave.

 
 

5 The label on a laser states that light of a wavelength of 550 nm is emitted. Given that light 
travels at a speed of 3.0 × 108 m s-1, calculate:

a The frequency of the emitted light.

 
 
 

b The time period of the waves.

 
 
 

The number of complete oscillations each second. As the speaker cone 

moves backwards and forwards it compresses and rarefies the air in 

front of it. These changes in the air pressure cause the air in front of 

that to start to oscillate as well. The energy travels through the air due 

to these pressure changes.

v  =  ms
72
30

2 4 1    .= −

f  
.

    .=  Hz or s
2 4
12

0 2 1= −

T    
.

=
1

440 0
 =  0.00273 s

λ  =  m
330 0
440 0

0 75
.
.

    .=

f = Hz
3 0 10

550 10
5 5 10

8

9
14.    

   
.    

×
×

= ×−

T =  s
1

5 5 10
1 8 1014

15

.    
    .    

×
= × −
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3.7 Waves and wavefronts

Wave diagrams can also be drawn by considering the waves as viewed from above. The crest of each 
wave is represented by a solid line, called a wavefront. Each wavefront is one wavelength apart. (The 
troughs are sometimes shown as dotted lines in between the crests.)

Circular wavefronts are produced by point sources, e.g. a stone dropped into water.
Plane wavefronts are produced by straight sources, e.g. a stick dropped into water.

Diffraction
When waves pass through a gap they spread out into the region either side of the gap, and as the 
width of the gap decreases the amount of spreading increases.

When the size of the gap is of a similar size to the wavelength the diffraction effects become very 
pronounced, producing semicircular wavefronts.



Laser

Wide aperture

Beam spreads 
out slightly

Narrow slit

Low pitch booming sounds

Jesse's 
house
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Exercise 3E

1 A laser emits a beam of light of frequency 5.00 × 1014 Hz. The beam spreads out slightly as it 
leaves the wide aperture (hole) at the end of the laser. The beam is then incident upon a very 
narrow slit.

a Name the effect that causes the beam to spread out slightly as it leaves the end of the laser.

 

b Complete the diagram above to show what happens to the waves after they pass through 
the very narrow slit.

c By considering the diagram, explain why the amount that the beam spreads out when it 
leaves the aperture of the laser is not the same as the amount the beam spreads out when it 
passes through the slit.

 
 
 

2 A fireworks display is taking place at the harbour, but Jesse cannot see the display from her 
house. Jesse notices that she can hear the low pitch boom of the explosions but not the high 
pitched whistles and crackles. The two diagrams below show the low pitch waves, and the high 
pitch waves (next page) approaching the two tower blocks.
a Complete the diagrams to show what will happen when the waves pass through the gap.

Diffraction.

See diagram.

For diffraction effects to be significant the gap through which the waves pass must be of similar 

size to the wavelength of the waves. The wide aperture of the laser is much bigger than the 

wavelength so only causes slight diffraction, whereas the narrow slit is a similar size.

See diagrams.

Wide aperture
Narrow slit

Laser

Waves spread
out slightly

Low pitch booming sounds

Tower
block

Tower
block

Jesse’s
house



High pitch whistling sounds
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b Name the effect that allows Jesse to hear the low pitched sounds.

 

c Explain why Jesse cannot hear the high pitched sounds at her house.

 
 
 
 
 

3 Careena is staying in a hotel in a deep valley. She discovers that her mobile phone does not 
have any reception but the radio still works. The mobile phone transmits and receives using a 
microwave signal of wavelength of 13 mm, and the long wave radio signal has a wavelength of 
130 m. With the aid of the diagram below, explain why the hotel can still receive long wave radio 
signals but not microwave phone signals.

 
 
 
 
 

Diffraction

For diffraction effects to be significant the gap through which the waves pass must be of similar 

size to the wavelength of the waves. The wide aperture produced by the tower blocks is similar in 

size to the long wavelength deep booming sounds resulting in significant diffractions, whereas the 

high pitch whistling sounds have a much shorter wavelength are only slightly diffracted.

For diffraction effects to be significant the obstacle over which the waves pass must be of similar size to 

the wavelength of the waves. The large hill between the transmitter and the hotel is similar in size to the 

long wavelength radio signals resulting in significant diffraction, whereas the high frequency microwave 

signals have a much shorter wavelength so are only slightly diffracted. This means that only the long 

wave radio waves will reach the hotel.

Tower
block

Tower
block

High pitch whistling sounds

Jesse’s
house

Mobile phone and
radio transmitters Hotel
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Interference and superposition
When two or more pulses or waves are travelling in the same region they will interfere with each 
other, and the resultant wave will be the sum of the displacements of the contributing waves. The 
process of adding waves together is called superposition.

Constructive interference occurs if two pulses of similar wavelength and amplitude arrive in 
phase. The waves superpose to make a resultant wave with larger amplitude.

Destructive interference occurs if two pulses of similar wavelength and amplitude arrive out of 
phase. The waves superpose to make a resultant wave with smaller amplitude.

If the waves are identical but opposite in phase then the resultant wave will have no amplitude.

Standing waves
Standing waves are produced when two waves with the same amplitude, frequency and speed are 
travelling in opposite directions in the same region. When they meet, they interfere in such a way 
that some points along the wave do not move at all (called nodes), and other points move from a 
large positive amplitude to a large negative amplitude (called antinodes). The resultant wave does 
not appear to be travelling forward so it is called a standing or stationary wave.



Antinodes (A) occur where:
•	 Large	Amplitude.
•	 Waves	meet	in phase.
•	 Constructive interference.

Nodes (N) occur where:
•	 No amplitude.
•	 Waves	meet	out of phase.
•	 Destructive interference.

AN ANAN AN N

Worked example: Superposition and constructive 
interference

t = 0 s

t = 3 s

1 m s-1 1 m s-1
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Standing waves can be produced when a wave reflects from a surface and the transmitted wave 
interferes with the reflected wave. This occurs in springs, ropes and strings (e.g. a guitar string), in 
water or air (e.g. inside a musical instrument such as the hollow pipe of a flute). 

Two pulses approach each other with a velocity of 1 m s-1 along a spring of uniform strength, 
as shown in the diagram below (scale: one square = 1 m). Using superposition determine the 
resultant pulse produced by the two pulses after 3 s.

Solution
Step 1 For each given time use the velocity to determine the position of the pulses, and 

faintly sketch in the pulses.
Step 2 Add the displacements together where the pulses overlap.
Step 3 Draw a single pulse (in blue), which is the sum of the two pulses. So if t = 3 s, if the 

pulses are travelling at 1 m s-1 then the pulses will move 3 m, as shown in red and 
orange.



1 m s-1

1 m s-1

t = 0 s

t = 4 s

t = 5 s

t = 8 s
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Exercise 3F

1 Two pulses approach each other with a velocity of 1 m s-1 along a spring of uniform strength, as 
shown in the diagram below. (Scale: One square = 1 m)

a State the conditions necessary for destructive interference to occur.

 

b Using superposition, determine the resultant pulse produced by the two pulses after 4 s, 5 s 
and 8 s.

c Explain what is observed at 5 s in terms of phase, and interference.

 
 
 
 
 

When two or more pulses or waves with opposite phase are travelling in the same region.

Both pulses have the same amplitude and wavelength but opposite phase and at 5 s the two pulses 

are in the same position so they destructively interfere producing a completely flat line.

t = 4 s

  

t = 5 s

t = 8 s

 



1 m s-1
1 m s-1

t = 0 s

t = 4 s

t = 5 s

t = 7 s

Waves move up and 
down but not left or right

Hands 
move up 
and down
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2 Two pulses approach each other with a velocity of 1 m s-1 along the surface of the sea as shown in 
the diagram below. (Scale: One square = 1 m)

a State the conditions necessary for constructive interference to occur.

 

b Using superposition, determine the resultant pulse, produced by the two pulses after 4 s,  
5 s and 7 s.

3 Sam is playing in the sink at home. He 
moves his hands up and down on the 
surface of the water, causing waves to 
travel across the surface of the water. 
Sam notices that when he moves 
both hands at either side of the sink, 
the waves no longer travel across the 
surface but just move up and down.

a Name the type of wave phenomena Sam has produced.

 

b On the diagram above, identify:
 i An antinode, and label it A.
ii A node, and label it N.

When two or more pulses or waves with the same phase are travelling in the same region.

Standing or stationary wave.

See the diagram.

N N N N
A

A A
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c State and explain the conditions necessary for this type of wave to occur.

 
 
 
 
 
 

2-point source interference
When plane waves pass through two narrow 
slits they are diffracted to produce semicircular 
wavefronts from each slit. These wavefronts 
spread out and interfere with each other 
constructively and destructively.

When light waves are used, the pattern can 
be observed on a screen, as a series of bright 
fringes (antinodes) and dark fringes (nodes).

To produce a clear pattern, the waves coming 
from the two slits must be coherent (similar 
wavelength, amplitude and in phase).

Factors that affect the diffraction pattern
•	 As	the	wavelength decreases, the distance 

between the fringes decreases.

•	 As	the	slit separation increases, the fringe 
separation decreases.

•	 As	the	distance to the screen decreases, the 
fringe separation decreases.

Standing waves are produced when two waves with the same amplitude, frequency and 

speed are travelling in opposite directions in the same region. When they meet, they interfere 

in such a way that some points along the wave do not move at all (called nodes) and other 

points move from a large positive amplitude to a large negative amplitude (called antinodes).
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Exercise 3G

1 Heather is standing on top of a cliff looking 
down at the sea as it enters a natural harbour. 
The entrance to the harbour has a large rock in 
the middle. As the waves pass the entrance they 
spread out. The diagram below shows the wave 
crests approaching the entrance and passing into 
the harbour.

a Name the phenomenon that causes the waves 
to spread out after they pass through the 
two entrances of the harbour, and state the 
conditions necessary for this effect to be obvious.

 
 
 
 

b Two boats are anchored in the harbour at positions A and B. Describe and explain the 
motion of each boat.
  i Boat A

 
 
 
 

ii Boat B

 
 
 
 

2 A laser beam is shining on two narrow slits, causing 
a pattern of bright and dark fringes to appear on a 
screen, as shown in the diagram.

a Identify (name) the bright fringes and explain 
why they occur.

 
 
 
 
 

Diffraction—When waves pass through a narrow entrance they are diffracted to produce semi-

circular wavefronts. For the effect to be obvious the entrance must be of similar size to the 

wavelength of the wave.

Boat A will experience calm water as the waves are arriving out of phase forming a node. The waves 

from the lower entrance have travelled half a wavelength further than the waves from the upper 

entrance. Consequently when a crest from the upper entrance arrives at the boat it will meet a 

trough from the lower entrance (and vice versa) resulting in destructive interference.

Boat B will experience doubly large crests and troughs as they arrive in phase forming an antinode. 

The waves from the upper entrance have travelled a whole extra wavelength further than the 

waves from the lower entrance. Consequently when a crest from the upper entrance arrives at the 

boat it will meet a crest from the lower entrance resulting in constructive interference.

The bright fringes are called antinodes. When 

there is a whole number of wavelengths difference 

between the paths the light travels from each 

slit, the waves arrive in phase and constructively 

interfere.



A B C

Direction 
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Weak 
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Strong 
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b State the necessary conditions for a clear pattern to be observed.

 
 

c Describe what effect increasing the slits' separation would have on the distance between 
the bright fringes.

 
 

d Describe what effect increasing the frequency would have on the distance between the 
bright fringes.

 
 

3 Two scientists want to explore the jungle to the south of their camp but are concerned about 
getting lost, so they set up two aerials at either 
end of their camp. Both aerials transmit the same 
frequency radio waves and they are in phase. 
When they have finished exploring, they switch 
on their radio receivers and start to walk in a 
straight line due west.

a They notice that the radio signal gets 
stronger then weaker then stronger again. 
Explain why the signal changes strength as 
they walk along the path shown in the diagram.

 
 
 
 
 
 
 
 
 Once they reach a strong signal they turn north and start walking. Each time the signal starts to 

become weaker they change direction so that they maintain a strong signal. 

b Identify in front of which tent (A, B or C) the explorers leave the jungle, and explain how 
the distance between the strong and weak signals changes as they approach the camp.

 
 
 
 
 

To produce a clear pattern the waves coming from the two slits must be coherent (similar 

wavelength, amplitude and in phase).

Increasing the slit separation will cause the fringes to get closer together.

Increasing the frequency will cause the fringes to get closer together.

These wavefronts from each transmitter will spread out in a circle and interfere with each other 

forming an interference pattern. When there is a whole number of wavelengths difference between 

the paths the radio waves travel from each transmitter, the waves arrive in phase and constructively 

interfere producing an antinode. The scientists will detect this as a strong signal. When there is 

a half number of wavelengths difference between the paths the radio waves travel from each 

transmitter, the waves arrive out of phase and destructively interfere producing a node. The 

scientists will detect this as a weak signal.

The scientists will exit the jungle in front if tent B as the antinodal lines radiate outwards from the 

middle of the two transmitters. When they are close to the camp the signals will be close together, 

so the scientists can use the distance between the antinodes to tell them how far they are from the 

camp.
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 The scientists decide to test how changing the distance between the transmitters will affect 
the distance between the strong signals. They change the distance between the masts (d ) 
and measure the distance between the central strong signal and the first strong signal (x) at a 
distance of 2.00 km from the camp. Their data is recorded in the table.

c Study the graph of strong signal separation (x) against transmitter separation (d ), and state 
the type of the relationship between x and d.

 

d Process the data to produce a linear relationship and plot the graph.

e Determine the gradient of the line and the intercept and state the equation of the line.

 

Strong signal separation is inversely proportional to transmitter separation.

Results table and graph.
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A pulse travels along a spring that is connected to a 
smooth rod by a ring, which is free to move from  
side-to-side.
There is no phase change upon reflection at a free end, 
so the leading edge of the pulse (black dotted line) 
reflects and constructively interferes with the back 

edge of the pulse (green dotted line), resulting in 
a larger amplitude at the moment of reflection.
The reflected pulse has the same phase as 
the incident pulse and travels back along the 
spring at the same speed, and with its original 
amplitude and length.
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f Given that the relationship between the transmitter separation (d ) and the strong signal 

separation (x) for adjacent strong signals is given by the formula   x =  L .  1
       d

  use your 

equation of the line to calculate the wavelength of the signal being transmitted. (Distance 

from the towers to the explorers, L = 2.00 km)

 
 
 
 
 
 

3.8 Waves and boundaries

When a wave is incident upon a different medium it may cause the wave to reflect (bounce back) 
and/or refract (change speed and direction). The point where the two different mediums meet is 
referred to as a boundary, e.g. the surface of a glass window represents the boundary between air 
and glass; a harbour wall represents the boundary between water and stone.

Reflection at a plane boundary
Free end reflection of waves
When a wave is incident upon a boundary it may be reflected without changing phase if either:
•	 The	boundary	is	a	free	end,	or
•	 A	slow	moving	wave	is	incident	upon	a	medium	in	which	it	would	travel	faster.

This type of reflection can be seen when a pulse travels down a spring that is free to move side-to-
side along a smooth rod. We refer to this as free end reflection.

When free end reflection is viewed from above, the crests of the waves approaching a surface  
reflect off and have the same phase, and the angle of the incident wavefront to the surface is the 
same as the angle of the reflected wavefront to the surface, as shown in the diagram at the top  
of the next page.

Hence λ    .= 0 30 m

x L
d

 = λ
1

 so λL =  600  giving λ   =
600

2000
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Fixed end reflection of waves
When a wave is incident upon a boundary it may experience a 180° phase change upon reflection, if 
either:
•	 The	boundary	is	a	fixed	end,	or
•	 If	a	fast	moving	wave	reflects	off	a	medium	in	which	it	would	travel	slower.

The same type of reflection can be seen when a pulse travels down a spring that is fixed in place. We 
refer to this as fixed end reflection.

When fixed end reflection is viewed from above, the crests of the waves approaching a surface 
reflect off and have the opposite phase, however, the angle of the incident wave front to the surface 
is still the same as the angle of the reflected wave front to the surface, as shown in the diagram 
below.

A pulse travels in the direction shown along a spring which is fixed to a rod. The reflected pulse 
experiences a 180° phase change upon reflection at a fixed end so the leading edge of the pulse reflects 
(black dotted line) and destructively interferes with the back edge of the pulse (green dotted line) 
resulting in no amplitude at the moment of reflection.
The reflected pulse then travels back along the spring at the same speed with its original amplitude and 
length but opposite phase.



2 m s-1

t = 0 s

t = 6 s

2 m s-1

t = 0 s

t = 5 s
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Exercise 3H

1 A pulse travelling at a velocity of 2 m s-1 along a spring of uniform strength approaches a free end, 
as shown in the diagram below. (Scale: One square = 1 m)

 Draw a diagram to show the position, shape and phase of the pulse after 6 s.

2 A wave travelling at a velocity of 2 m s-1 along a spring of uniform strength approaches a fixed 
end, as shown in the diagram below. (Scale: One square = 1 m)

 Draw a diagram to show the position, shape and phase of the pulse after 5 s and 7 s. Use 
superposition if required.



3 m s-1

t = 0 s

t = 2 s

t = 3 s

3 m s-1

t = 7 s
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3 Two pulses, both travelling at a velocity of 3 m s-1 to the right along a spring of uniform strength, 
approach a free end, as shown in the diagram below. (Scale: One square = 1 m)

 Draw a diagram to show the position, shape and phase of the pulse after 2 s and 3 s. Use 
superposition if required.



Wave direction

Cliff

2

1

High velocity in 
medium 1, v1

Wavelength,  1

Wavelength,  2

Slower velocity  
in medium 2, v2

Refractive 
index, n2

Refractive 
index, n1

The end of each wavefront closest to the 
boundary enters the new medium and slows 
down. The other end of the wavefront is still 
moving quickly. This causes the wavefront to:

•	 change direction, and
•	 change wavelength

but the frequency remains constant:

sin 1    =
   v1   =

   1   =
   n2 

                       sin 2       v2             2             n1

where  1/2  = angle of incidence/angle of refraction
 v1/2    = speed in medium 1/medium 2
 1/2   = wavelength in medium 1/medium 2
 n1/2   = refractive index in medium 1/medium 2
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4 A sea wave is observed travelling 
towards the foot of a cliff at an 
angle, as seen from above in the 
diagram.

a Complete the diagram to show 
the reflected wavefronts for 
the waves shown, and draw on 
three more complete wavefronts 
to show where the reflected 
waves go. Water waves do not 
experience a phase change when they reflect. 

b Explain what is meant by the term phase change, and hence describe and explain what will 
happen to the amplitude of the resultant wave as it strikes the cliff face.

 
 
 
 
 

Refraction at a plane boundary
When a wave enters a new medium in which it travels at a different speed it will experience a change 
in the wavelength of the wave, but the frequency will remain constant. If the wave is incident upon 
the boundary at an angle, then the wave will also change its direction of motion. This phenomenon is 
called refraction.

When water waves strike a barrier the phase remains the same. This means that when a crest strikes 

the cliff it will reflect as a crest. A trough will reflect as a trough. An observer will see the waves 

interfering at the point of contact with the cliff producing larger crests and deeper troughs.

See diagram.

Wave direction

Clif



Direction of motion of the pulse

Transmitted pulse

Reflected pulse

Direction of motion of the pulse

Transmitted pulseReflected pulse

Worked example: Light wave frequency

Given a =  660 × 10-9 m
 va =  3.00 × 108 m s-1

 vw =  2.25 × 108 m s-1

Unknown w =  ?
Equations va      =

     a

 vw                 w

Substitute 3.00 x 108   =   660 x 10–9

 2.25 x 108     w

Solve w = 660 x 10–9

         1.33
	 w =  496 × 10-9 m
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When the pulse reaches the boundary, it is reflected and 
transmitted. 
The ‘slow’ medium acts like a ‘fixed end’ so the reflected 
pulse is phase changed by 180° and travels back through 
the fast medium at the same speed and with the same 
wavelength.
The transmitted pulse slows down but is not phase 
changed. This causes the wavelength of the transmitted 
pulse to decrease, and it will be closer to the boundary 
compared to the reflected pulse.

When the pulse reaches the boundary, it is reflected and 
transmitted.
The ‘fast’ medium acts like a ‘free end’ so the reflected pulse 
is NOT phase changed and travels back through the slow 
medium at the same speed with the same wavelength.
The transmitted pulse speeds up but is not phase changed. 
This causes the wavelength of the transmitted pulse to 
increase, and it will be further from the boundary compared 
to the reflected pulse.

Travelling from a ‘fast’ to a ‘slow’ medium

Travelling from a ‘slow’ to a ‘fast’ medium

Phase and wave parameter changes upon refraction
When a wave is incident upon a medium in which it travels at a different speed we must also 
consider what happens to its phase.

As Isabelle is swimming in her pool one night she wonders if the decorative coloured lights 
will look different when she is underwater.

If each red light emits light of wavelength 660 nm calculate the wavelength  
of the light underwater, given that light travels at 3.00 × 108 m s-1 in air and  
2.25 × 108 m s-1 in water.

Solution 



Shallow region Deep region

45º

Section A

Section B

Boundary

Normal
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Exercise 3I

1 The diagram below shows wavefronts of wavelength 12 m approaching a shallow region of water. 
The waves are travelling at 3.0 m s-1 in the deep region, but slow down to 1.5 m s-1 in the shallow 
region.

a On the diagram above, draw in the refracted wavefronts in the shallow region and an arrow 
to show the new wave direction.

b Calculate the frequency of the waves in the deep water, and describe what happens to the 
frequency when the waves enter the shallow region.

 
 
 
 

c Calculate the wavelength of the waves in the shallow water.

 
 

2 A swimming pool used for learning to SCUBA dive has a shallow section that is 1.0 m deep, and 
a deep section that is 4.0 m deep, separated by a boundary where there is a sudden change 
in height. A diver is paddling her feet in the water 30.0 times each minute, sending waves 
travelling towards the boundary. She observes that the waves change direction when they pass 
from one section to the other, as shown in the diagram below.

See diagram

Upon refraction the wavelength and velocity both decrease by the same amount as the frequency 

remains constant.

f    
.

    .= =
3 0
12

0 25 Hz

λ   
.
.

    .= =
1 5
0 25

6 0 m

Shallow
region

Deep region

45°

Section A

Section B

Boundary



Before

After
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a Draw an arrow on the diagram at the bottom of the previous page to show the new 
direction of the waves in Section B.

b State which section (A or B) is deeper and explain your choice.

 
 
 

c Show that the frequency of the waves is 0.5 Hz.

 
 

d Determine the angle of refraction if the incident wave strikes the boundary at an angle of 
45° at a speed of 0.75 m s-1, and leaves the boundary with a wavelength of 2.0 m.

 
 
 
 
 
 

3 A pulse travelling along through a slow medium approaches a faster medium. Draw a diagram 
to show what the pulse will look like shortly after it strikes the boundary, showing the position, 
shape and phase of the reflected and transmitted pulses.

See diagram.

Section B is deeper as the wavefronts are further apart so they must be travelling faster.

sin
   

θ
θ

λ
λ

B

A

B

Asin
=  hence sin      

.  sin 
.

θB =
2 0 45

1 5
 so θB     .= 70 5 to the normal

f         .= =
30
60

0 5 Hz

λA    
.
.

    .= =
0 75
0 5

1 5 m



2.0 m s-13.0 m s-1Incident pulse

Heavy

Heavy

Light

t = 0 s

t = 3 s

Before

After

Incident wave

Light
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4 Two springs are connected together. One spring is light and waves travel at 3.0 m s-1 through 
it. The other spring is heavier causing waves to travel at 2.0 m s-1. A pulse is sent along the light 
spring towards the heavy spring, as shown below. (Scale: One square = 1.0 m)

a Using information in the diagram, calculate the length of the transmitted pulse.

 
 

b Draw a diagram to show the relative position, shape and phase of the reflected and 
transmitted pulses 3 s after it hits the boundary.

5 Two springs are connected together. One spring is heavy and waves travel slowly through it, 
while the other spring is lighter causing waves to travel faster. A wave is sent along the heavy 
spring towards the light spring, as shown below. Draw a diagram to show the position, shape 
and phase of the reflected and transmitted waves after it hits the boundary.

λ
λ

H

L

H

L
   =

v
v  so λH    

.     .
.

    .=
×

=
2 0 3 0

3 0
2 0 m

Re�lected pulse 3.0 ms–1 2.0 ms–1Transmitted pulse

Light Heavy

Re�lected wave

Heavy Light

Transmitted wave



4.1 Vectors

Scalars and vectors
A scalar quantity has only magnitude (size or scale). Scalar quantities should always be written with 
a quantity symbol, a size and a unit, e.g. distance d = 10 m and speed v = 14 m s-1.

A vector quantity has both magnitude and direction. Vector quantities should always be written 
with an underline below the quantity symbol, a size, a unit and a direction, e.g. displacement  
d = 42 m (W) and velocity v = 20 m s-1 (→). Vectors can be represented either by:
•	 an	underlined	letter,	e.g.	v
•	 two	letters	representing	each	end	of	the	vector	with	an	arrow	above,	e.g.	AB

→

•	 or	by	using	bold script, e.g. F.

Drawing vectors
As vectors are geometric quantities they should always be drawn:
•	 to	scale with a ruler
•	 with	an	arrow to show their direction
•	 with	a	quantity symbol to	identify	the	type	of	vector.

An	accurately	drawn	vector	diagram	can	be	used	to	solve	vector	problems	instead	of	using	vector	
mathematics.

Adding vectors
When adding vectors that are not in a straight line, we find 
the	resultant	by	forming	a	vector triangle.

The	size	of	the	resultant	vector (R)	can	be	found	by	using	
Pythagoras’ theorem. (Note: P, Q and R do not have arrows 
over them as we are only using their sizes.)

R 2 = P 2 + Q 2

The	direction	of	the	resultant	vector	()	can	be	found	by	using	trigonometry.	The	angle	at	the	tail	of	
the resultant vector should be chosen and clearly labelled on the diagram.
  

0

Q
Rθ

P

tan  =  P
 Q
 

 = tan-1   P
 Q
 

so
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Subtracting vectors (change)
In	order	to	find	the	size	and	direction	of	the	change	in	velocity	
(Δv),	we	must	first	write	a	vector	equation	for	change:

Δv = v f – vi

Δv = D(↓) – C (→)

and	then	reverse	the	sign	and	direction	of	the	initial	vector:

Δv = D(↓)  + C (←)

Now draw a vector addition diagram with the vectors positioned 
tail-to-head.

The	size	of	the	change	vector	()	can	be	found	using	
Pythagoras’ theorem:

Δv 2 = D 2 + (–C) 2

The	direction	of	the	change	vector	( ) can then be 
found	by	trigonometry.	As	a	general	rule,	the	angle	to	
the	tail	of	the	resultant	vector	should	be	found.

Resolving vectors (components)
A single vector can be split into two vectors 
perpendicular (90°)	to	each	other.	The	process	of	
finding	the	two	perpendicular	components	of	a	single	vector	is	called	resolving a vector.

Consider	a	child’s	toy	being	pulled	at	an	angle	by	a	force	(F ). The single vector  can be resolved into 
horizontal (Fh ) and vertical (Fv ) components using trigonometry.

                                     hence       Fv = F sin     and                              hence       Fh = F cos  

C

D

Finally

Initially

Change

–C

D
Δv 

F Fv  

Fh  



F  

sin  =
 Fv

 F cos  =
 Fh

 F

For example:
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Exercise 4A

Vector addition

1 Draw a scale vector diagram to determine the size and  
direction	of	the	resultant	vector	for	the	following	 
situations.
a	 Two	people	pushing	a	toboggan	chair	with	a	force	 

of	12	N	east	and	18	N	east.	Find	the	size	and	direction	 
of	the	resultant	force.

b	 A	journey	involving	a	displacement	of	85	m	west	followed	by	a	displacement	of	55	m	east.	
Find	the	size	and	direction	of	the	resultant	displacement.

c	 Walking	with	a	velocity	of	3.0	m	s-1	south	on	a	travelator	moving	with	velocity	of	2.0	m	s-1 
north.	Find	the	size	and	direction	of	the	resultant	velocity.

2	 Draw	a	vector	diagram	to	determine	the	size	and	direction	of	the	resultant	vector for	the	
following	situations.	(Hint: The vectors are perpendicular to each other, so you need to use 
Pythagoras’ theorem and trigonometry.)
a	 Two	tug	boats	pulling	a	large	ocean	liner	with	a	force	of	2000	N	east	and	1200	N	south.	Find	

the	size	and	direction	of	the	resultant	force.

Ocean liner

FTug A = 1600 N

FTug	B = 1200 N

 

 

 

 

30 N (E)

30 m (W)

1.0 m s-1 (S)

12 N 18 N

30 N

85 m

55 m 30 m

1.0 ms–1

3.0 ms–1
2.0 ms–1
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c	 An	aircraft	flies	south–east	(bearing	of	135°)	with	a	velocity	of	141	km	h-1 but there is a 
crosswind blowing north at 100 km h-1	throughout	the	flight.	Find	the	size	and	direction	of	
the resultant velocity.

b A car drives 120 km west then turns north and drives 
a	further	50	km.	Find	the	size	and	direction	of	the	
resultant displacement. 

Start
End

Plane speed 
141 km h-1

Wind speed 
100 km h-1

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

R N   = + =1600 1200 20002 2      at an angle of

tan           θ θ= = °
1200
1600

so 37 S of E

R km   = + =120 50 1302 2      at an angle of

tan        2  θ θ= = °
50

120
so 3 N of W

R    = − = −141 100 1002 2 1      km h at an angle of

sin        θ θ= °
100
141

45so = N of W

1600 N

1200 N

2000 N

θ

130 km

120 km

50 km

θ

100 km h–1

R

141 km h–1

135°N

θ
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Vector subtraction

3	 Draw	a	vector	diagram	to	determine	the	size	and	direction	of	the	change	vector	for	the	
following	situations.
a	 A	water	skier	is	floating	in	the	water	at	the	beginning	of	a	race.	The	speed	boat	initially	pulls	

the	skier	with	a	force	of	440	N	east,	but	once	out	of	the	water	the	force	decreases	to	120	N	
east.	Find	the	size	and	direction	of	the	change	in	force.

b	 A	car	drives	200	km	west	on	the	first	day	of	a	journey.	By	the	end	of	the	second	day	the	
car	is	300	km	west	from	where	it	started.	Find	the	size	and	direction	of	the	change	in	
displacement	from	day	1	to	day	2.

c	 A	cyclist	initially	travelling	east	with	a	velocity	of	6.0	m	s-1 turns around and cycles west 
with	velocity	of	10.0	m	s-1.	Find	the	size	and	direction	of	the change in velocity.

4	 Draw	a	vector	diagram	to	determine	the	size	and	direction	of	the	change	vector for	the	
following	situations.	(Hint: The vectors are perpendicular to each other, so you need to use 
Pythagoras’ theorem and trigonometry.)
a	 A	football,	initially	travelling	at	3.0	m	s-1 south, 

is kicked by a striker so that it travels at 6.0 m s-1 
west.	Find	the	size	and	direction	of	the	change in 
velocity.

Initially 6.0 m s-1

Finally10.0 m s-1

6.0 m s-1

3.0	m	s-1

 

 

 

 

 

 

 

 

 

 

 

 

 

Dv = 6.0(W  ) − 3.0(S  ) = 6.0(W  ) + 3.0(N  )

Hence ∆ = +v   . .6 0 3 02 2   so Dv = 6.7 m s−1 at an angle of 

tan  
.
.

          θ θ= °
3 0
6 0

so = 27 N of W  

∆v = 10(W  ) − 6.0(E ) = 10(W  ) + 

6.0(W  ) = 16 ms−1 (W  )

∆F = 120(E) − 440(E) = 

120(E) + 440(W  ) = 320 N (W  )

∆d = 300(W  ) − 200(W  ) = 

300(W  ) + 200(E) = 100 km (W  )

320 N

440 N

120 N

300 km

200 km 100 km

6.0 ms–1 10ms–1

16ms–1

3.0 ms–1

6.0 ms–1
θ
Δv
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Resolving vectors

5	 Resolve	the	following	vectors	into	horizontal	and	vertical	components	and	complete	the	vector	
diagram.
a	 A	shot	put	is	thrown	at	an	angle	of	40° to the 

horizontal	with	a	force	of	200	N.	Resolve	the	
vector	to	find	the	horizontal	and	vertical	force	
components.

 

 

 

 

b	 A	javelin	hits	the	ground	at	a	speed	of	18	m	s-1 
at	an	angle	of	30° to the horizontal. Resolve 
the vector to find the horizontal and vertical 
velocity	components	at	the	moment	of	impact.

 

 

 

 

b A car driving east at 40 km h-1 
approaches a bend in the road. The 
car leaves the bend travelling at 
32	km	h-1 north. Find the size and 
direction	of	the	change	in	velocity. Initially

Finally

40˚

200 N

30˚

18	m	s-1

 

 

 

 

 

 

 

 

Dv = 32(N  ) − 40(E  ) = 32(N  ) + 40(W  )

Hence ∆ = +v   32 402 2   so Dv = 51 km h−1 

at an angle of tan            θ θ= °
40
32

so = 51 W of N 

Horizontal: Fh = 200 cos 40 = 153 N

Vertically: Fv = 200 sin 40 =129 N

Horizontal: vh = 18 cos 30 = 16 m s-1

Vertically: vv =18 sin 30 = 9.0 m s-1

40 km h–1

32 km h–1θΔv
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6	 Resolve	the	following	vectors	into	components	parallel	and	perpendicular	to	the	plane	and	
complete the vector diagram.
a	 A	cyclist	is	climbing	a	hill	at	an	angle	of	10° to 

the horizontal at a steady speed. The combined 
weight	of	the	cyclist	and	the	bike	is	880	N.
 i	 Resolve	the	weight	vector	to	find	the	force	

components parallel and perpendicular to 
the road, and draw them on the diagram.

 

 

 

 

 

 
 ii	 How	much	output	force	must	the	cyclist	produce	to	keep	the	bike	going	up	the	hill	at	a	

steady speed? (Hint:	The	forces	must	be	balanced	for	an	object	to	move	at	a	steady	 
speed.)

 

 
 iii	 Draw	the	cyclist’s	output	force	vector	on	the	diagram.

b A skier and her equipment (total weight 640 N) is 
travelling	down	a	slope	at	an	angle	of	40° to the 
horizontal at a steady speed.
 i	 Resolve	the	weight	vector	to	find	the	force	

components parallel and perpendicular to 
the slope.

 

 

 

 

 

 

 ii	 How	much	support	force	is	the	snow	providing	to	stop	the	skier	from	sinking?

 

 
 iii	 Draw	the	support	force	vector	on	the	diagram.

10˚

40˚

Fg	=	880	N

Fg = 640 N

Parallel: F      sin       = =880 10 153 N

Perpendicular: F⊥ = =     cos       880 10 867 N

Foutput = 153 N up the slope.

See diagram.

Parallel: F      sin       = =640 40 411 N

Perpendicular: F⊥= 640 cos 40 = 490 N

Fsupport= 490 N perpendicular to the slope.

See diagram.

Foutput

F

10°

F = 880 Ng

F⊥

40°

F   = 640 Ng

F⊥

F

Fsupport
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4.2 Forces and their effects

Forces
A	force	can	cause	an	object	to	change	its	speed,	direction,	spin	or	shape.	All	forces	are	measured	in	
newtons (N). Whenever an object experiences a push or a pull	it	is	due	to	the	action	of	a	force.

Free body force diagram
Forces are represented by vectors, with a size, a 
direction and a label.

A	free	body	force	diagram	shows	all	the	forces	
acting on a single object. Consider an apple 
hanging	from	a	tree:	The	weight	force	due	to	
Earth’s gravity pulls the apple towards the ground, 
and	the	support	force	from	the	branch	prevents	it	
from	falling.	In	the	diagram	we	do	not	consider	the	
force	of	the	apple	on	the	branch,	or	the	force	of	the	
apple’s gravity pulling the Earth upwards. (Yes, it 
really does! See Newton’s Third Law.)

Contact and non-contact forces
Forces can be grouped into two categories: non-contact and contact forces.

Non-contact	forces	act	on	objects	even	though	they	are	not	in	contact	with	each	other,	for	
example,	the	force	due	to	gravity	on	objects	with	mass,	the	magnetic	force	on	ferromagnetic	
materials	and	the	electrostatic	force	between	charged	objects.	The	region	in	which	that	force	is	felt	
is described as a field,	for	example,	a	gravitational	field	is	a	region	in	space	in	which	objects	with	
mass	experience	a	force	of	attraction.

If	the	force	occurs	as	a	result	of	something	touching	an	object	it	is	described	as	a	contact	force,	for	
example,	the	force	of	friction	between	two	surfaces	in	contact,	tension	due	to	an	elastic	band,	the	
thrust	of	a	rocket	or	jet	engine	or	the	upthrust	from	the	sea	causing	a	boat	to	float.

Combining force vectors
Force	vectors	can	be	added,	subtracted	or	resolved	using	vector	mathematics	(see	pages	88–89).

Support, FS

Weight, Fg

4.3 Newton's laws

Newton’s First Law – balanced forces
If	the	net	force	acting	on	an	object	is	zero, then either:
•	 a	stationary	object	will	remain	stationary
•	 or	a	moving	object	will	continue	moving	at	a	steady	speed	in	a	straight	line	(i.e.	at	a	constant 

velocity).

Newton’s Second Law – unbalanced forces
If	the	net	force	acting	on	an	object	is	not zero, then either:
•	 a	stationary	object	will	start	moving
•	 or	a	moving	object	will	change	its	speed	and/or	change	direction	(i.e.	change velocity).
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When	an	object	changes	its	velocity	(speed	or	direction	of	motion),	it	can	be	said	to	have	
accelerated.	Therefore:

net force       =       mass       x        acceleration
                  (N)  (kg) (m s-2)

Expressed mathematically:
Fnet = ma

My FAVoUriTe questions
Any	question	involving	Newton’s	First	and	Second	Laws	can	be	considered	in	terms	of	six	key	ideas:	
mass, Force, Acceleration, Velocity, unbalanced/balanced	and	time.	The	order	of	the	three	central	
quantities is important, as each leads into the next. So discussions should be worded accordingly:

 Force → Acceleration → Velocity
or:
 Velocity → Acceleration → Force

The	ideas	about	mass,	time	and	whether	the	forces	are	balanced	or	unbalanced	provide	additional	
clarity to the discussion.

Newton’s Third Law
When	object	A	exerts	a	force	on	object	B,	then	object	B	will	exert	
an	equal	but	opposite	force	on	object	A.

Consider	a	box	sitting	on	a	table.	The	box	exerts	a	force	
downwards	on	the	table.	The	table	exerts	an	equal	sized	force	
on	the	box	but	in	the	opposite	direction.	This	is	referred	to	as	an	
action-reaction pair.

Mass and weight
Mass	can	be	defined	as	a	measure	of	an	object’s	resistance	to	changes	in	its	motion,	or	a	measure	of	
the intertia	of	an	object.	The	unit	of	mass	(m) is the kilogram (kg).

On	Earth,	if	we	ignore	air	resistance,	every	falling	object	experiences	a	uniform	acceleration	of	 
g	=	9.81	m	s-2	downwards,	due	to	the	gravitational	force	of	attraction	between	the	mass	of	the	Earth	
and	the	mass	of	the	object.	This	force	due	to	gravity	(Fg ) is more commonly described as the weight 
of	an	object.

Using Newton’s Second Law, Fnet = ma,	so	the	weight	can	therefore	be	determined	by:

weight          =          mass          ×          acceleration due to gravity
 (N) (kg) (m s-2)

Expressed mathematically:
Fg = mg

Ftable on box

Fbox on table
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Worked example: Unbalanced forces

Ian	is	at	cricket	practice	where	they	are	teaching	the	players	to	‘follow	through’	after	each	
shot.	This	technique	involves	hitting	the	ball	with	the	same	force	but	keeping	the	bat	and	
ball	in	contact	for	longer.	Explain	what	effect	this	will	have	on	the	ball’s	motion.

Solution Given ‘same	force’	implying	Newton’s	laws,	and	‘time’

Unknown ‘motion’ which implies velocity and acceleration

Equations Fnet = ma and a =       with acceleration as the linking idea

Substitute My FAVoUriTe:  Fnet = ma    so  Δv =  aΔt         

Solve The Mass	of	the	ball	and	the	Force acting on it stay the same, 
so the Acceleration	of	the	ball	must	also	remain	constant	
as Fnet = ma. The same Acceleration is acting on the ball but 
for	a	longer	Time, and this will result in a greater change in 
Velocity as Δv =  aΔt. This means that the ball will leave the 
bat moving with a greater velocity.

 Δv
 Δt

== = =

Note:	This	problem	could	have	been	solved	in	terms	of	momentum	instead.

Exercise 4B

1	 Describe	what	is	meant	by	the	term	‘force’,	and	explain	the	difference	between	a	contact	and	a	
non-contact	force.

 

 

 

 

 

 

2	 Explain	what	effect	a	non-zero	net	force	will	have	on	the	motion	of	an	object	using	both 
Newton’s First and Second law.

 

 

 

 

 

 

 

A force can cause an object to change its speed, direction, spin, or shape. All forces are measured in 

newtons, (N), and whenever an object experiences a push or a pull it is due to the action of a force. 

Non-contact forces act on objects even though they are not in contact with each other, e.g. gravity, 

magnetism. If the force occurs as a result of something touching an object it is described as a contact 

force, e,g friction, tension.

According to Newton’s 1st Law a non-zero net force will cause a stationary object to start moving, or a 

moving object to change its velocity (speed and/or direction). According to Newton’s 2nd Law a non-

zero force will cause an object to accelerate. The size of the acceleration is proportional to the force and 

inversely proportional to the mass.
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3	 Complete	the	following	free	body	force	diagrams	to	identify	the	forces	acting	in	each	of	the	
following	situations,	and	describe	the	forces	as	balanced	or	unbalanced.	Explain	your	reasons.	
Each	force	vector	should	be	drawn	with	a	relative	size	and	direction	based	on	the	information	
provided.
a A helicopter hovering in mid-air.

 
 
 
 
 
 

b	 An	aircraft	increasing	its	speed	while	flying	straight	and	level.

 
 
 
 
 
 

c	 A	bungee	jumper	at	the	bottom	of	a	bounce.

 
 
 
 
 
 

d A go-cart travelling at a steady speed down a hill.

 
 
 
 
 
 

If the helicopter is hovering, it is effectively stationary compared 

to the ground so the vertical forces due to weight and lift must be 

balanced, and the horizontal forces due to air resistance and thrust 

must be zero.

Flying straight and level means that the vertical forces due 

to weight and lift must be balanced, but as the speed is 

increasing the horizontal force of thrust acting forwards must 

be greater than the air resistance acting backwards.

Assuming the bungee jumper is not moving from side to side, the 

horizontal forces will be zero. Vertically the bungee jumper is at 

the bottom of the bounce and her speed is zero, however, she is 

changing direction and so the forces are unbalanced. The elastic 

force from the cord is greater than the weight force due to gravity, 

causing her to accelerate (change speed OR direction) upwards.

If the go cart is travelling at a steady speed the forces must 

be balanced. The component of the weight force acting 

into the hill will be balanced by the support force from the 

hill, and the component of the weight and the engine force 

down the hill will be balanced by the friction forces acting 

up the hill.
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4	 Harry	(of	mass	80	kg)	and	Sally	(of	mass	50	kg)	are	at	the	ice	rink	facing	each	other	when	Sally	
suddenly pushes Harry. Explain what will happen using both Newton’s Second and Third laws.

 

 

 

 

 

 

 

 

5 Use F = ma	to	solve	each	of	the	following	situations.

a	 A	cyclist	and	her	bike	have	a	combined	mass	of	75	kg.	If	she	accelerates	at	1.8	m	s-2 calculate 
the	net	force	acting	on	her	and	the	bike.

 
 
 

b	 A	net	force	of	700	N	acts	on	a	skydiver	causing	him	to	accelerate	at	9.8	m	s-2. Calculate the 
mass	of	the	skydiver.

 
 
 

c	 A	mouse	of	mass	50	g	jumps	with	a	net	force	of	0.30	N.	 
Calculate	the	size	of	the	acceleration.

 
 
 
 
 

According to Newton’s 2nd law the action of an unbalanced force will cause Harry to accelerate in the 

direction of the force from Sally. However, according to Newton’s 3rd law, the effect of Sally pushing 

on Harry will result in an equal but oppositely directed force on Sally, causing her to accelerate in the 

opposite direction. As Sally has less mass than Harry, her acceleration will be greater as F = ma.

m   
.

     = =
700
9 8

71 kg

a   
.
.

     = = −0 30
0 05

6 2m s

F         .    = × =75 1 8 135 N
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6 Use F = ma and   a =
    Δv

        Δt to	solve	each	of	the	following	situations.

a	 When	a	raindrop	hits	the	ground	a	force	of	4.5	× 10-3	N is applied to it, causing it to 
decelerate	from	a	speed	of	9.09	m	s-1 to 0.00 m s-1 in 1.01 seconds. Determine the 
acceleration	of	the	raindrop	and	hence	the	mass	of	the	rain	drop.

 
 
 
 
 

b	 A	sprinter	of	mass	88	kg	produces	an	average	net	force	horizontally	of	176	N.	Determine	his	
acceleration during a race taking 10 s and thereby calculate his final speed.

 
 
 
 
 
 

c Explain why a tennis player can increase the velocity that 
the	ball	leaves	the	head	of	the	racquet	during	a	serve	using	
the	same	force	but	by	keeping	the	racquet	in	contact	with	
the	ball	for	a	longer	time.

 
 
 
 
 
 
 
 
 
 

The same force acting on the same mass will result in the same 

acceleration as F = ma. However, the change in speed will increases 

if the force causing the ball to accelerate acts for a greater time 

as Dv = aDt.

a   
.     .

.
    .=

−
= − −0 00 9 09

1 01
9 00 2 m s

m   
.    

.
    .    =

− ×
−

= ×
−

−4 5 10
9 00

5 0 10
3

4  kg

a        .  = = −176
88

2 0 2m s

∆ = × = −v     .          2 0 10 20 1m s
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d	 During	a	school	fair,	the	students	set	up	a	stall	to	throw	wet	sponges	at	teachers	who	have	
been locked in the ‘stocks’. A student throws two sponges, one with double the water in it 
compared to the other sponge. Explain why the sponge that contains double the water will 
have	a	greater	force	on	impact,	even	though	both	sponges	are	thrown	at	the	same	speed.

 
 
 
 
 
 
 
 
 
 

7 Use Fnet = F and F = ma	to	solve	each	of	the	following	situations.

a	 A	car	of	mass	950	kg	accelerates	at	0.80	m	s-2.	Determine	the	size	of	the	net	force	acting	on	
the	car,	and	calculate	the	size	of	the	friction	force	acting	on	the	car	given	that	the	engine	
provides	a	driving	force	of	1500	N.	

 
 
 
 
 

b	 A	rocket	of	weight	2.95	× 103		N	fires	its	engines,	providing	3.55	× 103		N	of	thrust.	Determine	
the	size	of	the	net	force	and	hence	calculate	the	acceleration	of	the	rocket	(g	=	9.8	N	kg-1).

 
 
 
 
 

Both sponges are travelling at the same speed when they hit the teacher and come to a stop on 

the teachers face in a similar time. This means they will have the same acceleration, as a = Dv/Dt. 

However the wet sponge has double the mass of water so requires double the amount of force to 

stop it for the same acceleration, F = ma.  According to Newton’s 3rd Law if the force on the sponge 

doubles then the force in the opposite direction on the teacher’s face doubles.

Net horizontal force Fnet         .      = × =950 0 80 760 N

Friction force on the car, Ffriction              = − =1500 760 740 N

Net upwards force Fnet     .         .          = × − × =3 55 10 2 95 10 6003 3 N  

Mass of the rocket, m   
.    

.
        (   )=

×
= =

2 95 10
9 8

301 300 2
3

kg kg  s.f.

Acceleration of the rocket, a        .   (  = = −600
301

2 0 22m s s.f.)

101ISBN: 9780170195997

Mechanics



8	 Draw	labelled	action-reaction	pair	force	vectors	on	the	following	diagrams,	for	each	of	the	
objects	shown.	The	length	of	the	force	vectors	should	show	how	the	forces	result	in	the	motion	
described in each situation.
a The moon orbiting the Earth.

b A helicopter accelerating upwards.

See diagram.

See diagram.

FEarth on moon

Fmoon on Earth

Fair on heli

Fheli on air

FEarth on heli

Fheli on Earth
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9	 An	8.0	kg	box	is	accelerated	at	3.9	m	s-2	along	a	table	by	a	12.0	kg	mass	hanging	over	the	edge	of	
the table, as shown in the diagram.
a	 Draw	free	body	diagrams	of	the	forces	on	the	box	and	the	forces	on	the	mass.

b	 Determine	the	size	of	the	net	force	acting	on	the	box,	and	therefore	calculate	the	size	of	
the	friction	force	between	the	table	and	the	box.

 
 
 

10	 Tracey	is	a	passenger	in	a	car	as	it	accelerates	away	from	traffic	lights.	Explain	why	Tracey	feels	
as though she is being pressed into her seat as the car accelerates.

 
 
 
 
 
 

11	 Maddie	is	standing	in	an	elevator	waiting	to	travel	up	to	the	top	floor. 
	As	the	elevator	sets	off	she	notices	that	she	feels	heavier	than	normal.
a	 Explain	why	Maddie	feels	heavier	as	the	elevator	sets	off	upwards.

 
 
 
 
 
 
 
 

Box,	mb	=	8.0	kg

Mass (m) = 12.0 kg

Pulley

a	=	3.9	ms-2

See diagram.

Net force on the system (box and mass), Fnet = + × = ( .     . )    .    8 0 12 0 3 9 78 N

Force due to falling mass, Fg     .     .     .  = × =12 0 9 8 117 6 N

Force due to friction, Ffriction     .         .  = − =117 6 78 39 6 N

When waiting at the lights both the car and Tracey are stationary. A force is required to make an 

object with mass accelerate. To make Tracey accelerate with the car as it sets off, the seat pushes her 

forwards causing the seat to become compressed. This gives Tracey the impression that she is being 

pressed into her seat, when in fact the seat is being pressed into her. When the car reaches a steady 

speed the force from the seat will disappear.

Our perception of weight is due to the force from the surface on 

which we are standing. Take the surface away and we will feel 

weightless. When Maddie stands in a stationary elevator it provides a 

force to support her weight so she feels ‘normally heavy’. However, as 

the elevator accelerates upwards, it must provide a force to support 

Maddie’s weight and a force to cause Maddie to accelerate upwards. 

This results in a greater force acting upwards on Maddie’s feet which 

makes her feel heavier.
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b	 Describe	how	Maddie	will	feel	when	the	elevator	is	moving	at	a	steady	speed	and	explain	
your answer.

 
 
 
 
 
 

4.4 Momentum
When an object with mass (m) is moving with velocity (v)	it	possesses	a	certain	‘quantity	of	motion’.	

This	quantity	of	motion,	which	involves	both	mass	and	velocity,	is	called	momentum and is quoted 
as the equation:

momentum = mass × velocity
              (kg m s-1)     (kg)   (m s-1)

Mathematically expressed:

p = m v

Momentum is a vector quantity, and so problems involving momentum must be solved using vector 
mathematics that take the magnitude and direction into account.

When	an	unbalanced	force	acts	on	an	object,	it	causes	the	momentum	of	the	object	to	change.	The	
size	of	the	change	in	momentum	(p) is calculated as:

change in momentum = final momentum – initial momentum
 (kg m s-1) (kg m s-1) (kg m s-1)

Expressed mathematically:

p = pf – pi

The	size	of	the	change	in	momentum	depends	on	the	size	of	the	unbalanced force AND the time 
for	which	the	unbalanced	force	acts	on	the	object.	This	is	more	commonly	quoted	as	the	equation:

net force = change in momentum  (kg m s-1)
    (N)           time taken (s)

Expressed mathematically:
 

 Δp
 ΔtFnet =

When the elevator is moving at a steady speed Maddie is no longer being accelerated so the 

elevator need only supply enough force to support her weight. Consequently Maddie feels 

‘normally heavy’.
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Exercise 4C

1	 A	cricket	ball	of	mass	0.164	kg	is	travelling	at	15.0	m	s-1	(left)	towards	a	batsman.	Calculate	the	
momentum	of	the	ball	before	it	reaches	the	batsman.

 

  

2	 A	tennis	ball	of	mass	54.0	g	has	a	momentum	of	0.70	kg	m	s-1 (right). 
Calculate	the	velocity	of	the	ball.

 

 

 

 

Momentum and collisions
The	concept	of	impulse	is	usually	used	when	a	force	acts	for	a	short	amount	of	time,	such	as	during	
a	collision.	Impulse	is	the	same	as	the	change	in	the	momentum	of	an	object	and	can	be	expressed	
as:

change	in	momentum	=	force	×	time	taken
            (kg m s -1)            (N) (s)

Mathematically expressed:

p = Fnet t

During any impact lasting time (t),	the	force	rapidly	increases	to	a	maximum	value	and	then	falls	
back	to	zero.	Consequently,	questions	involving	impulse	often	refer	to	the	average force.

F
(N)

Referred	to	as	
the	average	force	
in questions

Maximum	force

t (ms)

(left) (3 s.f.)

v    
.

.
   = = −0 70

0 0540
13 1 m s (right) (2 s.f.)

p    .     .     .  = × = −0 164 15 0 2 46 1kg m s 
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3	 A	hockey	player	hits	a	stationary	ball	of	mass	0.160	kg,	causing	it	to	move	with	a	speed	of	28	m	s-1. 

a Given that the impact between the stick and the ball lasted 2.0 × 10-3	s,	calculate	the	size	of	
the	average	force	applied	to	the	ball.	

 
 
 

b	 Explain	why	this	is	an	average	force.

 
 
 

4	 Solve	the	following	problem	using	p = mv, p = pf – pi, and p = Ft. 

	 Initially	a	squash	ball	of	mass	24.0	g	is	travelling	at	28.0	m	s-1	towards	the	wall.	After	the	collision	
with the wall, the squash ball moves away in the opposite direction at 16.0 m s-1. 

a	 Calculate	the	change	in	momentum	of	the	squash	ball.

 
 
 
  
 
 

b	 Calculate	the	size	of	the	force	on	the	squash	ball	given	that	the	impact	takes	0.006	s.

 
 
 
 

5	 Explain	in	terms	of	momentum	why	it	is	more	difficult	to	stop	a	car	full	of	passengers	compared	
to a car with just the driver in it, even though both cars are travelling at the same speed.

 

 

 

 

 

 

 

 

 

 

∆ = × − × = −p    .         .         .  0 160 28 0 160 0 4 48 1kg m s 

Average force applied to the ball, F    
.

.    
        .   (  =

×
= =−

4 48
2 0 10

2240 2 2 23 N  kN  s.f..)

During the collision the stick and the ball will deform (change shape). This means that the force gradually rises to a maximum 

value, at which point the stick cannot bend any further and the ball cannot be squashed. As the ball begins to move away the force 

acting on it decreases as the stick and ball return to their natural shape. When the two objects separate the force drops to zero.

Force on the ball, F    
.
.

     = =
1 056
0 006

176 N

A car with more passengers will have a greater mass, so for the same speed it will have a greater 

momentum, as p = mv. Bringing the more massive car to rest will therefore result in a greater change in 

momentum. To cause a greater change in momentum in the same amount of time will require a larger 

force as F = Dp/Dt. 

∆ = × → − ← =−p    .     (     )24 0 10 16 283

24 0 10 16 28 1 0563 1.     (     )    .  × → + → =− −kg m s 
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6	 An	impact	attenuator	is	a	road	safety	device	designed	to	reduce	the	damage	done	to	structures,	
vehicles	and	motorists	that	may	result	from	a	vehicle	collision.	The	attenuator	gradually	
collapses	during	a	collision,	thereby	reducing	the	amount	of	damage	done	to	the	vehicle	and	the	
structure	it	is	protecting.	Explain	how	impact	attenuators	reduce	the	amount	of	damage.

 

 

 

 

 

  
 

 

 

 

 

 

 

Conservation of momentum
Principle of conservation of momentum
The	principle	of	conservation	of	momentum	states	that	the	total	momentum	of	a	system	of	
interacting	(colliding	or	exploding)	objects	remains	constant,	provided	there	is	no	external	net	force	
acting on the system. This mathematical statement tells us that:

TOTAL	initial	momentum	of	the	system	=	TOTAL	final	momentum	of	the	system
          (kg m s-1)    (kg m s-1)

Internal and external forces
According	to	Newton’s	Second	Law,	the	momentum	of	an	object	will	remain	constant	unless	a	net 
external	force	acts	upon	the	object.

External	forces	can	be	identified	as	those	forces	that	act	on	an	object	or	set	of	objects	(a	system)	
from	the	outside,	for	example	the	force	due	to	gravity.

Internal	forces	are	the	forces	that	act	between the objects in a system (Newton's Third Law).

During a collision a vehicle of mass, m, travelling at 

speed v is brought to rest. The change in momentum of 

the vehicle will be the same regardless of the time taken 

to stop, as Dp = mDv. The impact attenuator gradually 

collapses during the impact, increasing the time of the 

collision and as F = Dp/Dt a greater time for the same 

change in momentum will result in a smaller force.
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Exercise 4D

1	 On	the	following	diagrams	draw	and	label	internal	forces	in	red	and	external	forces	in	blue.
a Inline skaters pushing apart.  

Worked example: Puck head to head with double puck

A	single	air	hockey	puck	of	mass	42.0	g	slides	at	3.00	m	s-1 towards two pucks, one on top 
of	the	other,	travelling	in	the	opposite	direction	at	0.900	m	s-1. They collide head on and the 
double	puck	moves	away	at	1.57	m	s-1 in a straight line as shown below. Calculate the final 
velocity	of	the	single	puck.

Solution

Double

Initially

vsi =	3.00	m	s-1 vdi = 0.900 m s-1

Single Double

Finally

vsf = ? vdf	=	1.57	m	s-1

Single

Given m s = 0.0420 kg, m d=	0.0840	kg
Taking right as positive
vsi =	3.00	m	s-1 (right), vdi = –0.900 m s-1 (right) 
(The	double	puck	is	initially	travelling	left,	so	its	velocity	will	be	
negative)
vdf =	1.57	m	s-1 (right)

Unknown vsf = ?

Equations p = mv,	principle	of	conservation	of	momentum

Substitute TOTAL initial momentum = TOTAL final momentum

             psi + pdi =  psf + pdf

               msvsi + mdvdi =  msvsf + mdvdf

(0.0420	x	3.00)	+	(0.0840	x	(–0.900))	=	(0.0420	x	vsf)	+	(0.0840	x	1.57)

Solve                        0.126	–	0.0756	=	(0.0420	x	vsf)	+	0.132

         0.0504	–	0.132	=	(0.0420	x	vsf)

                = vsf

                                  vsf = –1.94 m s-1	(right)	(3	s.f.)

                                              vsf = 1.94 m s-1	(left)	(3	s.f.)

–0.0816
0.0420

See diagram.

FA on B FB on A

Weight Weight

Support

Friction

Support

Friction
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b					Dodgem	cars	bumping	together	just	after	the	power	is	switched	off.

c	 A	tug-of-war.

2	 A	stack	of	three	air	hockey	pucks	of	total	mass	120.0	g	slides	at	2.40	m	s-1	towards	a	stack	of	two	
pucks	of	mass	80.0	g,	travelling	in	the	opposite	direction	at	5.60	m	s-1. They collide head-on and 
the double puck moves away at 4.00 m s-1 in the opposite direction, as shown below.

a	 State	the	principle	of	conservation	of	momentum	and	explain	any	assumptions	you	must	
make to solve this problem using the principle.

 
 
 
 
 

b	 Calculate	the	initial	momentum	of	the	system.

 
 
 

Initially

vti = 2.40 m s-1 vtf = ?vdi	=	5.60	m s-1 vdf = 4.00 m s-1

Triple 
puck

Triple 
puckDouble 

puck
Double 

puck

Finally

See diagram.

See diagram.

The total momentum of a system of interacting (colliding or exploding) objects remains constant 

provided there is no net external force acting on the system.

Total pi    ( .     . )   ( .    ( . )= × + × −0 120 2 40 0 080 5 60 ))    .  = − −0 16 1kg m s

FA on B
FB on A

Support Support

Weight

Weight

Friction

Friction

FA on B FB on A

Support

Weight WeightFriction

Support
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c	 State	the	final	momentum	of	the	system,	and	hence	determine	the	final	velocity	of	the	
stack	of	three	pucks.

 
 
 
 
 

3	 Hovercraft	A	(of	mass	2.00	× 102 kg) is travelling at 10.0 m s-1	when	it	bumps	into	the	back	of	
Hovercraft	B	(of	mass	1.00	× 102	kg),	which	is	moving	at	7.0	m	s-1	in	the	same	direction.	After	the	
collision	Hovercraft	A	continues	moving	in	the	same	direction	but	at	a	new	speed	of	8.0	m	s-1.

a	 Calculate	the	change	in	momentum	of	Hovercraft	A.	Give	your	answer	with	an	S.I.	unit.

 
 
 

b	 State	an	alternative	unit	for	momentum.

 

c	 State	the	change	in	momentum	of	Hovercraft	B	and	explain	how	you	came	to	your	answer.	
Include any assumptions that you made in reaching your answer. 

 
 
 
 
 

d	 Determine	the	final	velocity	of	Hovercraft	B.

 
 
 

10.0 m s-1

Hovercraft	A

Initially

7.0	m	s-1

Hovercraft	B

8.0	m	s-1

Hovercraft	A

Finally

vf = ?

Hovercraft	B

Change in momentum:

unit

Total p Total pf i        .  = = − −0 16 1kg m s  by the principle of conservation of energy.

Total p vf f   ( .     )   ( .     . )   = × + × = −0 120 0 080 4 00 00 16 1.  kg m s−

vf    
.     .

.
    .   ( )(=

− −
= − −0 16 0 32

0 120
4 0 21m s right    )    .   ( )(   )s.f. m s left s.f.= −4 0 21

Ns

∆ = −pB    400 1kg m s Principle of conservation of momentum—the loss in momentum of A equals 

the gain in momentum of B, assuming no net external forces, such as friction are acting on the 

system.

∆ = − = × × −p p pA f i           ( .         . )   ( .  2 00 10 8 0 2 002 ×× × = − −      . )     10 10 0 4002 1kg m s

∆ = × × − × ×p vB Bf   ( .         )   ( .         .1 00 10 1 00 10 72 2 00 400 1)   = − kg m s

vBf    
   

.    
      ( )(=

+
×

= −400 700
1 00 10

112
1m s right 22  )s.f.
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4	 An	empty	red	wagon	of	mass	1.00	tonne	is	rolling	at	a	steady	speed	of	6.0	m	s-1 along a level 
track	when	it	collides	with	a	green	wagon	of	mass	1.00	tonne,	which	is	fully	loaded	with	9.00	
tonnes	of	coal.	The	two	wagons	link	together	and	continue	moving	in	the	same	direction	as	the	
red wagon (1 tonne = 1000 kg).

a	 Calculate	the	initial	momentum	of	the	system.

 
 

b	 State	the	final	momentum	of	the	system,	and	hence	determine	the	final	velocity	of	the	
coupled (joined) wagons.

 
 
 
 
 

c	 Calculate	the	loss	in	momentum	of	the	red	wagon.

 
 

d Explain what happens to the momentum lost by the red wagon.

 
 
 
 

e	 The	wagons	continue	to	roll	along	the	track	joined	together.	When	they	reach	the	drop	off	
point,	the	bottom	of	the	green	wagon	opens	and	all	the	coal	falls	out	as	the	wagons	are	still	
rolling.	Describe	what	will	happen	to	the	momentum	of	the	wagons,	and	explain	how	this	
will	affect	the	speed	at	which	they	are	rolling.

 
 
 
 
 
 

Initially Finally

vRi = 6.0 m s-1 vGi = 0 m s-1 v(R+G)f = ?

Total p Total pf i= = −6 000 1,  kg m s by the principle of conservation of momentum.

Total p vf R G f= + =+
−( ,     , ) ,  ( )1 000 10 000 6 000 kgms 11

v R G f( )    
,
,

    .   ( ) (  +
−= =

6 000
11 000

0 55 21m s right ss.f.)

The momentum lost by the red wagon is gained by the green wagon according to the principle of 

conservation of momentum, assuming there are no external forces acting upon the system.

There are no horizontal forces acting between the coal and the truck as it falls out the bottom. The 

coal will experience an accelerating force due to gravity in a vertical direction but will continue 

moving horizontally at the speed of the combined wagons, taking its mass and momentum with it. 

This causes the mass and momentum of the trucks to decrease, however as p = mv, the velocity of 

the trucks remains constant.

Total pi = × + × =( ,     . )   ( ,     )    ,1 000 6 0 10 000 0 6 0000 1 kg m s−

∆ = − = × − ×p p pR f i         ( ,     . )   ( ,     .1 000 0 55 1 000 6 00 5455 1)     = − −kgm s
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f An empty truck is rolling along a straight level track at a constant speed when it starts to rain 
very	heavily	straight	down	into	the	truck.	Explain	what	will	happen	to	the	speed	of	the	truck	
as it gradually fills with water.

 
 
 
 
 

5	 A	water	rocket	(of	mass	0.1	kg)	is	filled	with	1.5	kg	of	water	and	is	sitting	horizontally	at	rest	on	a	
launching	platform.	When	the	launching	clamp	is	released	all	the	water	is	immediately	sprayed	
backwards,	travelling	horizontally	at	a	speed	of	2.0	m	s-1.

a Calculate the velocity at which the rocket leaves the launcher.

 
 
 
 

b Initially neither the water nor the rocket has any momentum, but they both have momentum 
after	the	rocket	is	released.	Does	this	contradict	the	principle	of	conservation	of	momentum?	
Explain your decision.

 
 
 
 
 
 

Initially Finally

vFi = 0.0 m s-1 vWf	= 2.0 m s-1 vRf = ?

The rain water is not moving horizontally when it hits the truck, so provides no horizontal 

momentum to the truck. Friction with the surface of the truck will cause the water to accelerate 

horizontally. This produces an equal but opposite force on the truck causing the truck to decelerate 

horizontally. These are internal forces, so as the mass of the truck increases as a result of the extra 

water, the velocity decrease, but the momentum remains constant as p = mv.

Assuming there is no net external force acting on the system the momentum will be conserved. 

The force of the water on the rocket is equal and opposite the force of the rocket on the water. 

Momentum is a vector quantity and as the water gains momentum to the left (chosen as negative), 

the rocket gains momentum to the right (chosen as positive), so the total momentum of the water 

and rocket still adds up to zero.

(( .     . )    )   ( .    ( . ))   ( .  0 1 1 5 0 1 5 2 0 0 1+ × = × − + ×   )vRf

vRf    
.
.

       ( ) (   )= = −3 0
0 1

30 11ms right s.f.
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4.5 Motion

Scalars: Distance and speed
Distance (d )	is	a	scalar	quantity	and	has	size	only.	It	can	be	defined	as	how	far	an	object	travels	
during a journey.

The speed (v)	of	an	object	is	defined	as	the	rate	of	change	of	distance,	and	can	be	written	as:

speed       =       change in distance       (m)
 (m s -1) change in time (s)

Expressed mathematically:

v =  Δd
     Δt

Vectors: Displacement, velocity and acceleration
Displacement (d ) is a vector quantity and has size as well as a direction. It is defined as the straight 
line	distance	from	a	point	in	a	particular	direction.

Velocity (v)	is	a	vector	quantity	and	can	be	defined	as	the	rate	of	change	of	displacement.	It	is	
written as:

velocity     =     change in displacement     (m)
 (m s -1) change in time (s)

Expressed mathematically:

v  =  Δd
       Δt

Acceleration (a)	is	also	a	vector	quantity,	and	is	defined	as	the	rate	of	change	of	velocity	(i.e.	change	
in speed or direction or both). It can be determined by:

acceleration     =     change in velocity     (m s -1)
               (m s -2)               change in time            (s)

Expressed mathematically:

a =  Δv
      Δt

Equations of motion (kinematic equations)
For	situations	where	there	is	constant	acceleration,	the	change	in	velocity	is	uniform	and	takes	
place in a straight line, these basic equations can be combined to produce five equations of motion 
(otherwise	known	as	kinematic	equations)	that	can	be	used	to	accurately	describe	the	movement	of	
an object.

To	remember	the	equations	of	motion	we	can	use	the	Moving Hand and GUESS techniques. Each 
term is assigned to a digit on your hand to remind you to check what terms have been Given by the 
question, and what term is the Unknown.	Each	equation	of	motion	contains	four	terms	and	has	one	
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term	missing.	Ticking	off	each	term	on	your	hand	makes	choosing	the	correct	Equation	from	the	
formula	list	very	straightforward.	The	values	can	then	be	Substituted and the equation Solved.

Be	careful,	because	some	quantities	can	be	hidden	in	the	wording.	For	example:
•	 an	object	may	be	described	as	being	‘stationary’	or	‘at	rest’.	Both	these	statements	mean	it	has	

zero velocity.
•	 an	object	travelling	at	a	steady	speed	will	have	a	zero	acceleration.

t

d

a

vi

vf

Moving Hand
EQ Equation

Used to solve problems 
involving …

Missing 
term

1 d =   
vi  + vf    t
   2

d, vi , vf  , t a

2 vf  = vi + at a, vi , vf  , t d

3 d = vit +  
1    at2

         2
a, d , vi  , t vf

4 vf 
2

 = vi
2

 + 2ad a, d, vi , vf  t

5 d = vft –  
1    at2

         2
a, d, vf , t vi

Time is assigned to the Thumb 
because it is the only scalar 
quantity. Each finger represents  
a vector quantity.

The	stopping	distance	for	a	car	travelling	100	km	h-1	(27.8	m	s -1)	in	a	straight	line	is	78	m.	
Calculate	the	acceleration	of	the	car	while	braking.

Solution

Worked example: Moving on

Given Taking FORWARD as positive
vi = 27.8  m s -1	(forward)
vf = 0 m s -1

d = 78 m (forward)

Unknown a = ?

Equations vf
2 =  vi

2
 + 2ad

Substitute 02	=	27.82+ 2 x a	x	78

Solve 0	=	772.84	+	156a
–156a	=	772.84
        

a = 
772.84	

 =	–4.95	m	s-2 
																	–156
        a	=	–5.0	m	s-2	(forward)	(2	s.f.)
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Exercise 4E

1	 A	bird	flies	270	m	in	a	straight	line	in	2.0	minutes.	Calculate	the	average	speed	of	the	bird	and	

give your answer with an appropriate SI unit.

 

 

2	 Caroline	swims	at	a	speed	of	2.70	m	s-1	over	a	distance	of	71.54	m.	Determine	the	time	taken	to	
cover	the	distance	and	give	your	answer	to	the	correct	number	of	significant	figures.

 

 

3	 An	aircraft	takes	3.0	hours	to	fly	from	Auckland	to	Melbourne	travelling	at	an	average	velocity	of	
892	km	h-1 (west).

a	 Calculate	the	displacement	of	the	aircraft	at	the	end	of	its	journey.	Give	your	answer	in	m.

 
 

b	 Explain	why	the	aircraft	is	described	as	having	an	‘average	velocity’.

 
 
 

c	 The	aircraft	then	returns	by	the	same	route	but	takes	only	2.8	hours.	Determine	the	average	
velocity	of	the	round	trip.

 
 
 

4	 A	boat	takes	12.0	hours	to	sail	252	km	from	
Wellington to Nelson, as shown in the diagram 
at	right.	Nelson	is	displaced	122	km	(west)	of	
Wellington.

a Calculate the average speed.

 
 

b	 Calculate	the	average	velocity	of	the	boat	in	km	h-1.

 
 

The aircraft will speed up and slow down and make small changes in direction during the flight, so 

the velocity will change during the course of the journey.

Average velocity will be zero as the displacement will be zero at the end of the journey.

vave         .    (   )= = −270
120

2 3 21m s s.f.

t s   
.

.
    .= =

71 54
2 70

26 5 

d         .         .     ( )= × = = ×892 3 0 2676 2 676 106km  m W 

vave    
.

    .   (   )    .  = = =−252
12 0

21 0 3 5 831kmh s.f. mm s s.f.−1 3(   )

vave    
.

    .    (   )= = −122
12 0

10 2 31kmh s.f.
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5	 A	car	accelerates	for	8.0	s	at	a	steady	rate	from	an	initial	velocity	of	8.0	m	s -1
 (N) up to a final 

velocity	of	13.8	m	s -1
 (N).

a	 Calculate	the	average	velocity	of	the	car.

 
 

b	 Calculate	the	displacement	of	the	car.

 
 

c Calculate the change in velocity of	the	car.

 
 

d	 Calculate	the	acceleration	of	the	car.

 
 

6	 A	motorbike	travelling	along	a	state	highway	at	28.0	m	s -1 (N) approaches road works requiring 
the	bike	to	slow	to	8.33	m	s -1	(N)	in	6.0	s.	Calculate	the	acceleration	(size	and	direction)	of	the	
bike.

 

 

7	 Monique	is	a	goalkeeper	practising	saving	shots.	A	soccer	ball	is	kicked	towards	her	at	16.7	m	s-1, 
which she punches away in the opposite direction with her hands. The collision with her hands 
takes	0.015	s,	and	the	soccer	ball	moves	away	in	the	opposite	direction	at	12.2	m	s-1.

a	 Calculate	the	average	acceleration	of	the	soccer	ball.

 
 

vf = 12.2 m s-1vi	=	16.7	m	s-1

Initially Finally

v ave    
.     .

    .   ( )     =
+

= =− −8 0 13 8
2

10 9 111 1m s N m s (( ) (   )N s.f.2

d     .     .      ( ) (   )= × =10 9 8 0 87 2 m N s.f.

∆ = − = − = −v v vf i            . ( )    . ( )    .    13 8 8 0 5 8 1N N m s (( ) (   )N s.f.2

a    
.
.

    .   ( ) (   )= = −5 8
8 0

0 73 22m s N s.f.

a    
. ( )  . ( )

.
    .   ( )    .=

−
= − =−8 33 28 0

6 0
3 3 32N N

m s N 33 22  ( ) (   )m s S s.f.−

a    
. ( )    . ( )

.
   

. ( )    .
=

← − →
=

← +12 2 16 7
0 015

12 2 16 7(( )
.

    ( )      ( )(  
←

= ← = ←− −

0 015
1927 1900 22 2m s m s s.ff.)
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b Explain why it is an average acceleration.

 
 
 
 

8	 During	a	race,	Akshay	accelerates	from	rest	to	a	velocity	of	8.0	m	s -1 (E) in 9.0 s.

a Calculate Akshay’s acceleration.

 
 
 

b Calculate the distance travelled while accelerating.

 
 
 

9	 The	stopping	distance,	for	a	car	travelling	60.0	km	h-1 (16.6 m s -1)	in	a	straight	line,	is	36	m.

a	 Calculate	the	acceleration	of	the	car	while	braking.

 
 
 

b Calculate the time taken to bring the car to a stop.

 
 
 

c	 Explain	how	doubling	the	initial	speed	of	the	car	will	affect	the	distance	travelled	before	the	
car comes to rest and the time taken, assuming that it has the same acceleration.

 
 
 
 

Upon contact with her hands the ball will change shape as the force from Monique’s hands squash 

the ball. This causes the force acting on the ball to increase until the ball cannot be squashed 

anymore and is stationary in contact with her hands. The ball starts to accelerate away and as 

it returns to its original shape the force decreases. As F = ma a changing force will result in a 

changing acceleration.

Using v v adf i
2 2 2       = +  it can be seen that doubling the speed will quadruple the distance 

travelled whilst braking for the same acceleration.

Using v v atf i       = +  it can be seen that doubling the speed will double the time whilst braking for 

the same acceleration.

a    
. ( )   

.
    .    ( )(   )=

−
= −8 0 0

9 0
0 89 22E

m s E s.f.

d    
.    

 
    .     ( ) (=

+





× =

8 0 0
2

9 0 36 2 m E    )s.f.

0 16 6 2 362 2    .            = + × ×a so 

a     .    (   .)= − −3 8 22m s s.f

36
16 6 0

2
   

.    
   =

+





× t  so t     . (   .)= 4 3 2  s s.f
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Motion under gravity
On	Earth,	if	we	ignore	the	effects	of	air	resistance,	every	falling	object	regardless	of	its	mass	
experiences	a	uniform	acceleration	of	g = 9.8 m s-2 downwards.

We	can	use	the	equations	of	motion	to	describe	the	displacement,	velocity	or	time	an	object	
spends	in	the	air	as	the	acceleration	throughout	the	flight	is constant and downwards.

Important ideas to be aware of when solving vertical motion problems
•	 Choose	which direction is going to be positive and state it.

–	 Either	make	the	initial	direction	of	motion	positive,	or
– Always make UP positive (similar to the positive direction 

on a graph).

•	 At	the	highest	point	in	the	flight	 
(maximum displacement, dtop ):
– The vertical velocity is zero. The ball is still accelerating 

because it is changing direction.
– The time taken to reach the top (ttop) is the same as the 

time	taken	to	come	back	down	if	it	lands	at	the	same	
height at which it was released, in other words:

tflight = 2 x ttop

•	 When	an	object	reaches	the	same height at which it was 
released:
– The vertical displacement will be zero:

df = di = 0

– The final velocity will be the same size as the initial 
velocity but will be in the opposite direction, thus:

vf   = –vi 

tflight, end 
of	flight

Time 
to max 
height,  
ttop

Maximum displacement, dtop

+

df = 0 mdi = 0 m

vi

vf

+

Projectile motion
When a ball is projected into the air at an angle to the vertical it will move sideways at the same time 
as	it	travels	up	and	down.	If	friction	is	negligible,	then	during	the	flight	the	only	force	acting	on	the	
ball	is	due	to	gravity,	and	the	ball	will	follow	a	parabolic path.

The acceleration due to gravity means that the ball’s instantaneous velocity is constantly 
changing, so to understand the ball's motion we must resolve the initial velocity into the vertical and 
horizontal components.
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Fg Fg

Fg Fg

Fg Fg

Fg Fg

Fg Fg
Fg

Immediately AFTER the ball leaves the 
hand until immediately BEFORE the other 
hand	catches	the	ball,	the	only	force	acting	
is due to gravity

Exercise 4F

When	dealing	with	vertical	motion	on	Earth,	take	the	acceleration	of	gravity	as	g	=	9.8	m	s-2.

1 The Mars explorer Curiosity landed	on	the	surface	of	
Mars	on	5	August	2012.	During	the	first	stages	of	the	
landing, Curiosity fell	into	the	Martian	atmosphere	
before	opening	its	parachute.	Once	the	parachute	was	
open,	the	spacecraft	slowed	from	a	speed	of	405	m	s-1 
at	an	altitude	of	11	000	m	to	a	speed	of	125	m	s-1 at an 
altitude	of	8000	m.	The	heat	shield	then	separated	
from	Curiosity at	an	altitude	of	8000	m	and	fell	towards	the	Martian	surface.

a Determine the distance that Curiosity falls	from	11	000	m	to	8000	m.

 
 

b Calculate Curiosity’s	average	acceleration	during	this	section	of	the	journey.

 
 
 

c	 Calculate	the	velocity	at	which	the	heat	shield	hits	the	surface,	given	that	the	acceleration	(a) 
due	to	gravity	on	Mars	is	3.71	m	s-2. Assume air resistance on the heat shield can be ignored.

 
 
 

The horizontal component of 
the velocity, vh remains 

constant throughout the 	light.

The force due to gravity 
causes the vertical 
component of the velocity 
vv to decreases as the ball  
moves upwards, then
increase as the ball
moves downwards.

The ball is thrown at an 
angle to the horizontal
at a velocity v.

d  = − =  ,     ,     ,  11 000 8 000 3 000 m (4 s.f.)

125 405 2 3 0002 2              ,= + × ×a  so a    . (  = − −24 7 32 m s s.f.)

vf
2 2125 2 3 71 8000            .    = + × ×  so vf        ( )= −274 1m s 3 s.f.
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2	 Alex	throws	a	golf	ball	vertically	upwards	at	a	velocity	of	8.4	m	s-1.

a Calculate the maximum height reached by the ball, and explain why the actual maximum 
height will be slightly less than your calculated value.

 
 
 
 
 
 

b	 Calculate	the	time	taken	for	the	ball	to	come	back	down	to	Alex’s	hand.

 
 
 

c	 Calculate	the	two	times	that	the	ball	is	travelling	with	a	speed	of	3.5	m	s-1.

 
 
 

3	 Anna	hits	a	hockey	ball	giving	it	an	initial	velocity	of	26	m	s-1 at 40° to the horizontal.

a	 Resolve	the	vector	to	determine	the	horizontal	component	of	the	velocity.

 

b	 Resolve	the	vector	to	determine	the	vertical	component	of	the	velocity.

 

c	 Calculate	the	maximum	height	the	ball	reaches	during	its	flight.

 
 
 
 

d	 Determine	the	flight	time	of	the	ball.

 
 
 

40º

26 m s-1

When the ball is thrown upwards there will be a friction force acting downwards as well as gravity 

resulting in a slightly greater acceleration downwards than 9.8 ms-2. Consequently the ball will 

come to a stop at a lower height. (This problem can also be solved and explained by considering 

energy).

Horizontal component of velocity: vh      cos      .  = = −26 40 19 92 m s 1

Vertical component of velocity: vv = = −26 40 16 71sin . m s 1

0 8 4 2 9 82 2    .        ( . )   = + × − × d  so d     .    ( )= 3 6 m 2 s.f.

− = + − ×16 71 16 71 9 8.     .    ( . )   t  so t      .   . ( )= =3 41 3 4 s  2 s.f.

− = + − ×8 4 8 4 9 8. .    ( . )   t  so t     . ( )= 1 7 s 2 s.f.

0 16 71 2 9 82 2    .        ( . )   = + × − × d  so d     .   ( )= 14 25 m 14 m 2 s.f.=�  

Ball will travel at 3.5 m s-1 once on the way, and once on the way down, so: 

vf       .  = ± −3 5 m s 1. Hence ± = + − ×  .     .    ( . )   3 5 8 4 9 8 t  so t or   
.     .

.
    .     .=

±
=

8 4 3 5
9 8

0 5 1 2 s
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e	 Calculate	the	maximum	horizontal	distance	the	ball	travels	before	it	hits	the	ground.

 
 

4	 An	aircraft	is	travelling	horizontally	when	a	skydiver	jumps	from	the	back	door.	The	skydiver	falls	
for	6.19	s	and	reaches	a	speed	of	70.0	m	s-1	at	an	angle	of	30°	to	the	vertical	before	opening	the	
parachute. Assume air resistance is negligible prior to the parachute opening.

a	 Calculate	the	skydiver’s	vertical	speed	just	before	the	parachute	is	opened.

 
 
 

b	 Calculate	the	vertical	distance	the	skydiver	has	fallen.

 
 
 

c	 Calculate	the	initial	velocity	of	the	skydiver.

 
 
 

d	 The	skydiver	falls	like	a	projectile	until	the	moment	the	parachute	is	opened.	Explain	why	
the skydiver no longer moves like a projectile once the parachute opens.

 
 
 

5	 Valerie	is	a	shot	putter	who	throws	a	shot	put	with	a	velocity	of	13.64	m	s-1	at	an	angle	of	45.0°	to	
the	horizontal.	The	shot	put	leaves	her	hand	at	a	height	of	2.00	m	above	the	ground	and	hits	the	
ground	2.157	s	later.

a	 Resolve	the	vector	to	determine	the	horizontal	component	of	the	velocity.

 

b	 Resolve	the	vector	to	determine	the	vertical	component	of	the	velocity.

 

45.0˚

2.00 m

13.64	m	s-1

range

Vertical component of velocity: vv = = −70 0 30 60 62.  cos . m s 1

As air resistance is negligible the horizontal velocity will be the same throughout the fall. Horizontal 

component of velocity: vh     .  sin   = = −70 0 30 35 m s 1

Projectiles travel in a parabolic path due to the force of gravity only. Once the skydiver opens the 

parachute he will experience an upwards force due to air resistance as well as gravity.

Horizontal component of velocity: vh     . cos . .  = = −13 64 45 0 9 645 m s 1

Vertical component of velocity: vv     . sin .     .= = −13 64 45 0 9 645 m s 1

d     .     .     .     ( )= × = =19 92 3 41 67 93 68  m 2 s.f.

60 62 0 2 9 82 2.         .    = + × × d  so d     . ( )= =187 5 190 2m m  s.f.
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c Calculate the distance the shot put travels while it is in the air.

 
 

d Calculate the velocity (magnitude and direction) with which the shot put hits the ground.

 
 
 
 

e	 Calculate	the	time	taken	for	the	shot	put	to	reach	its	maximum	height.

 
 
 
 

f	 A	friend	suggests	that	Valerie	might	make	the	shot	put	go	further	if	she	throws	it	at	the	
same	speed	but	at	an	angle	of	30°	to	the	horizontal,	as	this	will	cause	the	shot	put	to	travel	
faster	horizontally.	Explain	whether	the	friend’s	advice	is	correct.

 
 
 
 
 
 

6	 Olivia	carries	out	an	experiment	to	determine	the	time	taken	for	a	free	falling	object	to	
travel	different	distances.	She	suspends	a	small	ball	bearing	in	a	vacuum	tube	and	uses	an	
electromagnet	to	release	the	ball	from	rest	when	she	starts	the	clock.	She	stops	the	clock	when	
it	passes	different	distance	marks.	Her	data	is	shown	in	the	following	table.

Distance (m)
Time (s)

Trial 1 Trial 2 Trial 3
Average 
time (s)

0.10 0.16 0.12 0.14

0.20 0.21 0.20 0.19

0.30 0.30 0.24 0.25

0.40 0.29 0.28 0.30

0.50 0.31 0.32 0.33

0.60 0.35 0.36 0.34

a Study the data and circle any anomalous points in the table.

Vertically vf
2 29 645 2 9 8 2 0 11 50    .        ( . )   ( . )    .= + × − × − = ±   m s 1−  (Use -11.5 as the ball is travelling 

downwards at this point in its motion). Combining the horizontal and vertical components to find 

the resultant velocity 

vr     . ( . )     ( )= + − = −9 645 11 50 152 2 m s 2 s.f.1  

0.14

0.20

0.25

0.29

0.32

0.35

0.020

0.040

0.063

0.084

0.10

0.12

time2 

(s-2)

d     .     .     .   ( )= × =9 645 2 157 20 8 3m s.f� .

Whilst the ball has a greater horizontal component of velocity it will have a smaller vertical 

component of velocity, so will spend less time in the air. As the distance travelled horizontally is 

dependent upon the time in the air the ball will travel a shorter distance compared to launching it 

at 45°, which is the optimum angle.

vf = vi + at substituting 0 = 9.645 +(−9.8)t hence t = 0.98 s
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b Explain why it is important that Olivia carries out the experiment three times and then 
calculates the average.

 
 
 
 

c	 Calculate	the	average	time	for	each	distance,	and	plot	a	graph	of	distance	against	average	
time.

d	 State	the	relationship	between	distance	and	time	based	upon	the	shape	of	the	graph.

 
 

e Process the data to produce a linear relationship and plot the graph.

It is difficult for Olivia to judge exactly when the ball passes each marked point so there will be 

significant reaction and parallax errors. By repeating and calculating the average Olivia is able to 

obtain a more reliable answer.

See the results table and graph 6.c.

Distance is proportional to time squared.

See graph 6.e.
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average time

0.00
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.10 0.20 0.30 0.40

y = 4.632x1.952

0.00
0.00

0.10

0.20

0.30

0.40

D
is

ta
nc

e,
 d

 (m
) 0.50

0.60

0.70

0.05 0.10 0.15
Time2, t2 (s2)

6.e. Distance against
average time squared

123ISBN: 9780170195997

Mechanics



f	 Determine	the	gradient	of	the	line	and	the	intercept,	and	state	the	equation	of	the	line	in	
the	form	of	y = mx + c.

 
 
 
 
 

g The relationship between distance (d ) and time (t )	for	an	object	moving	with	a	constant	
acceleration	is	given	by	the	formula:

d = ½at2 + vit

  i	 Comparing	the	equation	of	the	line	in	f to the equation above, what does the intercept 
of	the	graph	tell	you	about	the	motion	of	the	ball?

 
 
 

ii	 Calculate	the	acceleration	of	the	ball.

 
 
 
 
 

4.6 Forces and rotational motion

Torque (τ),	also	referred	to	as	the	moment	of	a	force	or	leverage,	refers	to	the	turning	effect	caused	
by	a	force	acting	at	a	distance	from	a	pivot,	hinge	or	fulcrum.

Torque	is	defined	as	the	turning	effect	due	to	a	force	(F ) acting at a perpendicular distance (d ) 
from	a	pivot.	This	is	expressed	as	a	word	equation:

torque     =     force     ×     perpendicular distance
 (N m) (N) (m)

Expressed mathematically:

 τ = F d


An unbalanced torque will cause an object to rotate in either a clockwise ( ) or anticlockwise ( ) 
direction.

As	the	distance	of	the	force	from	the	pivot	decreases,	the	torque	decreases	until	the	line	of	action	
of	the	force	acts	through	the	pivot,	at	which	point	the	torque	will	be	zero	and	there	will	be	no	
turning	effect	on	an	object.

c = 0 m

(m) (m s-2) (s2)

The zero intercept tells me that the ball is falling from rest, which indicates that there is no zero 

error when measuring the distance the ball is falling.

d at   =
1
2

2  so 
1
2

4 91a    .=  hence a    .= −9 82 2 m s

m   
.    
.    

    .=
−
−

= −0 54 0
0 11 0

4 91m s 2

d t z    .= 4 91
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