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 Experimental method and data collection

CHAPTER

2
 NCEA Level 3 Physics material covered in this chapter helps to meet the requirements for 
Achievement Standard 91521 (Physics 3.1) ‘Carry out a practical investigation to test a 
physics theory relating two variables in a non-linear relationship’, by:
• gathering suffi cient and accurate data
• applying appropriate control to variables.

Introduction
Physics is about fi nding explanations for why and how things happen. Physicists try to 
answer questions such as those following.

• What holds a nucleus together?
• How can electric currents be controlled?
• When did the universe begin?
• Why are objects attracted by gravitational force?
• What causes sound?
• What effects would a hole in the ozone layer produce?
The answers to these questions are important because people have always had a desire to 
understand the world and because the answers may be very useful, improving the way in 
which people live.

Physics is an experimental science. To answer questions, scientists take measurements, 
alter conditions and try to discover relationships. Often these relationships are most 
clearly stated as mathematical formulae.

Physics is part of the growing body of understanding which we call science. Physicists try 
to develop theories and models which can be used to predict further behaviour and can 
be tested by more experiments.

Planning the experiment
The aim of the experiment will be given. From the aim, it will be possible to decide 
what has to be measured (the dependent variable) and what has to be changed (the 
independent variable) in order to get a series of measurements of the dependent variable.

Before collecting data, think about:

• how to set up the equipment to take accurate measurements
• how to change the independent variable, what will be its highest and lowest values, 

how many different values will be chosen (you may have to carry our some initial 
trials to establish what these should be)

• how to measure the dependent variable
• how to make sure measurements are as accurate as possible
• other variables that might affect measurements of the dependent variable
• how to minimise or eliminate the effect of these variables.
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Wrong scale
If the wrong scale in a measuring instrument is used, inaccuracies result.

Example
A current of 88 mA would give a reading of 0.09 A if measured with a multimeter 
connected to the 10 A scale.

Unavoidable inaccuracies
Inaccuracy in a measurement that is not avoidable is called uncertainty.

Every measurement has some uncertainty, because the measuring instrument that makes 
the measurement has a limit to its accuracy. This is because all instruments have a scale 
and readings are made to the nearest scale marking. The uncertainty in a measurement is 
the scale interval of the instrument that was used to make the measurement.

If the only measuring instrument available has a scale interval close to the size of the 
measurement itself, the resulting measurement is too inaccurate to be useful. Any 
measurement that is correct to only 1 signifi cant fi gure will be in this category.

Example

0 1 2

The diagram shows a mm ruler being used to measure the diameter of a small 
ball-bearing. The diameter measurement of 7 mm has only 1 signifi cant fi gure.

Many measurements require a judgement to be made, such as:

• the value of a measurement that is fl uctuating
• when the measurement should start and when it should stop
• where the eye should be positioned to minimise parallax error
• where to position equipment to get the most accurate measurement.
If a judgement is needed, there is likely to be some error in every measurement made. The 
errors in these measurements are just as likely to make them too large as too small, and so 
are called random errors.

Improving the accuracy of measurements
Using an appropriate experimental technique can often eliminate avoidable inaccuracy 
in a measurement. It is often possible to use techniques to improve the accuracy when 
the inaccuracy is unavoidable. Whatever techniques are used to eliminate or minimise 
inaccuracy, there will always be some uncertainty in every measurement.

Experimental techniques to avoid inaccurate measurements
Taking a zero reading and subtracting it from the end reading can eliminate zero errors. 
Zero errors can be positive or negative – depending on whether the zero reading is above 
or below the zero mark.
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Example
The diagram shows a spring balance, fi rstly with its spring un-extended, and secondly 
with a weight hanging on its hook. What is the weight measurement?

Solution
 zero reading = +0.2 N
  end reading = 3.4 N
  weight = 3.4 − 0.2  [end reading − zero reading]
   = 3.2 ± 0.2 N  [uncertainty is the scale interval]

Parallax errors can be minimised by making sure the eye is correctly positioned when 
taking a reading. It is diffi cult to eliminate parallax error completely.

Example
Use the ruler in the diagram to measure the diameter of a ball.

0 1 2 3 4 5 6 7 8 9 10

Solution

0 1 2 3 4 5 6 7 8 9 10

Making sure the eye is positioned so that each reading is taken from a line that is 
perpendicular to the scale:
  zero reading = 2.8 cm
  end reading = 6.7 cm
  diameter = 6.7 − 2.8  [end reading − zero reading]
   = 3.9 ± 0.1 cm  [uncertainty is the scale interval]

When an instrument has a number of scales, the one chosen should give readings that 
have the most signifi cant fi gures.

20  Achievement Standard 91521 (Physics 3.1)
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Example
When connected to the 200 V connection, a multimeter might give a reading of 1.6 V.
When connected to the 2 000 mV (2 V) connection, the reading might be 1 572 mV.

Experimental techniques to increase the accuracy of measurements
If the only measuring instrument available has a scale interval close to the measurement 
itself, accuracy can be increased if it is possible to take a multiple measurement.

Example
In the diagram, the ball-bearings are identical. Use the ruler shown to measure the 
diameter of a single ball-bearing.

0 1 2 3 4 5 6 7
Solution
Measuring the span of 10 diameters:
 zero reading = 0.3 cm
 end reading = 7.0 cm
 ∴ diameter × 10 = 6.7 ± 0.1 cm [end reading − zero reading]
Retaining the same number of signifi cant fi gures:
 diameter = 0.67 ± 0.01 cm

Random error in measurements that require a judgement can be minimised by repeating 
the measurement many times. The average of these repeats becomes the (processed) 
measurement. Because there was error in each repeated measurement, the uncertainty in the 
processed measurement must be greater than the scale interval of the measuring instrument. A 
reasonable estimate of this uncertainty is half the range of the set of repeated measurements.

Example
In an experiment to fi nd the focal length of a lens, the placing of the screen to give 
the sharpest image was repeated several times and the image distance measured each 
time. The results were as follows:
11.6 cm, 11.8 cm, 11.3 cm, 11.4 cm, 11.7 cm
What image distance should be used to calculate the focal length?
Solution
 image distance = average of repeats

  = 11.6 cm  [rounding the answer to the same number of sf as the 
measurements]

 uncertainty = half the range
  = ½(11.8 – 11.3)
  = 0.3 [rounding 0.25 to 1 sf]
∴ image distance = 11.6 ± 0.3 cm

Chapter 2: Experimental method and data collection  21
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 Activity 2A: Making measurements Ans p. 318

1. Express each of the following measurements in SI units:
 a. 285 mV b. 854 cm2 c. 2.2 μA
2. 

0 41 2 3

CM

5 6 7 8 9 10 11 12 13 14

30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15

 a. What is the length of the pencil?   b. What is the length of the bar?
3.  The diagram shows the level of liquid in a measuring cylinder.
 a. What is the volume of the liquid? mL

30

20

 b.  A lump of Plasticine was dropped into the liquid and the 
level rose to 31 mL.

  i. What was the volume of the Plasticine?
  ii.  Explain the number of signifi cant fi gures in your 

measurement.
  iii. Explain how you decided on the uncertainty value.
4.  The mass of 57 pins was measured using a digital balance. The measurement was

4.25 ± 0.01 g  

4
5

6
7

8
9

3
2

1
0

 a. What is the mass of a single pin?
 b.  Explain the number of decimal places in your 

answer.
5.  The diagram shows a ruler measuring the height of a 

block bolted to the top of a bench.
 a. What is the zero error?
 b. What is the height of the block?
6.  A student was asked to measure the period of a 

pendulum. The student timed 12 complete swings and 
repeated her measurement 5 times.

 Her results were: 10.3 s, 10.4 s, 10.3 s, 10.3 s, 10.4 s
 a. Calculate the average time for 12 swings.
 b. Calculate the period of the pendulum.
 c. Why was it necessary to time multiple swings?
 d.  Why did repeating and averaging increase the 

accuracy of the measurement?
7.  A student used a multimeter to measure the resistance 

of a length of resistance wire. When the scale was set 
to ‘200 Ω’ the reading was 20.7 Ω. On the ‘2000 Ω’ scale setting the reading was 
21 Ω. Explain which of the scale settings should have been used.

22  Achievement Standard 91521 (Physics 3.1)
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Wave systems and interference of waves

CHAPTER

4
NCEA Level 3 Physics material covered in this chapter helps to meet the requirements for 
Achievement Standard 91523 (Physics 3.3) ‘Demonstrate understanding of wave systems’, 
by:
 •  giving comprehensive explanations and solving problems relating to interference of 

electromagnetic and sound waves, including multi-slit interference and diffraction 
gratings.

 In addition to the Level 2 Physics relationships v = f λ, f = 1
T

, the following Level 3 Physics 
relationships may be needed:

d sin θ = nλ, nλ = dx
L

Types of wave
Wave motion happens all around us – we receive wave energy as light, sound, traffi c 
vibrations, small earthquakes, X-rays and microwaves from speed detectors.

Waves are important because they carry energy without any transfer of matter from place 
to place.

Two types of wave motion can be shown on a ‘slinky’ spring.

Transverse
Crest

Trough

Wave movement

Transverse wave

The spring vibration is perpendicular to the direction of the wave motion.

Longitudinal
Wave motion

Compression Rarefaction

Longitudinal wave

The spring vibration is parallel to the direction of the wave motion.
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For both transverse and longitudinal waves:

• wavelength, λ, is the distance between any two corresponding parts of the wave
• amplitude, A, is the maximum distance the medium moves from the equilibrium 

position.

wavelength,  

amplitude, A

Wave parameters

Examples of waves

Water waves

Sound waves
Sound waves travel through air as a series of longitudinal vibrations of air molecules.

sound direction
vibrations of

speaker
direction of

vibration of air
molecules

compression rarefaction

Sound wave

Sound requires a medium (or substance) in which to travel. Sound cannot travel through a 
vacuum.

46  Achievement Standard 91523 (Physics 3.3)
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The speed of sound varies depending on the medium in which it travels. Approximate 
speed:

• in air is 330 m s–1

• in water is 1 500 m s–1

• in metal is 5 000 m s–1

Sound waves are produced over a very wide range of frequencies. Human hearing can 
detect only a limited range of these, but high-frequency sound waves (called ultrasound) 
have a variety of applications.

1 10 100 1000 104 105 106 107 108

Subsonic
vibrations

20 Hz 20 kHz

Increasing
frequency

Frequency
in Hertz

Ultrasound

Range
of medical uses

Sonar

Range of
human
hearing

Spectrum of sound waves

Electromagnetic waves
The electromagnetic spectrum is a range of waves of different wavelength and frequency, 
which transfer energy in the form of oscillating electric and magnetic fi elds.

Electromagnetic waves all have the following common properties:

• no medium is needed, so they can travel through a vacuum
• they travel in a vacuum with a speed of 3.0 × 108 m s–1 (symbol c)
• all are transverse waves
• they can be diffracted and produce interference patterns
• all carry energy from one place to another.
Different frequencies of electromagnetic waves have different effects on matter, and so are 
used for a wide variety of applications.

Light effect around the Moon

Chapter 4: Wave systems and interference of waves  47
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1020

1018

1015

1014

1010

109

108

106

104

X-rays

Infrared

10–12

10–9

10–6

10–3

10–1

1

103

γ rays

Increasing
frequency

Increasing
wavelength

Visible light

Radio and
TV waves

UHF 
(Ultra high 
frequency)

VHF 
(Very high 
frequency)

Microwaves
(radar)

Ultraviolet
(UV)

Wavelength ( m)Frequency (Hz)

Electromagnetic spectrum

Wave speed
The frequency, f, of a wave is the number of waves per second, and is measured in hertz, 

Hz. The inverse of the frequency 
1
f

⎛
⎝
⎜

⎞
⎠
⎟  is therefore the time for one complete wave, and 

this is defi ned as the period, T, of the wave.

Frequency and period are related by the formulae:

T = 
1
f

 or f = 
1
T

The speed of a wave can be found from the relationship v = 
d
t

If the distance, d, is the wavelength, then the time, t, must be the period, and so:

v = λ
T

 or v = fλ

48  Achievement Standard 91523 (Physics 3.3)
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Rotating systems

ChapteR

9
NCEA Level 3 Physics material covered in this chapter helps to meet the requirements for 
Achievement Standard 91524 (Physics 3.4) ‘Demonstrate understanding of mechanical 
systems’, by:
•  giving comprehensive explanations and solving problems relating to constant 

angular acceleration, torque, rotational inertia, conservation of angular momentum, 
conservation of energy.

In addition to the Level 2 relationships ω = 2πf, f = 1
T

, EK(LIN) = 1
2
mv2, the following Level 3

relationships may be needed: d = rθ, v = rω, a = rα, ω = ∆θ
∆t

, α = 
∆ω
∆t , ωf = ωI + αt,

θ = 1
2
(ωi + ωƒ)t, θ = ωit + 1

2
αt2, ωf

2 = ωi
2 + 2αθ, τ = Fr, τ = Iα, L = mvr, L = Iω

Introduction
Chapters 8 and 9 concern translational motion in a straight line and in a circle; that is, 
motion of an object when the centre of mass moves. This chapter will study rotational 
motion, when there is spinning movement around the centre of mass.

It is important to understand the difference between circular (orbital) motion and 
rotational (spinning) motion.

• In orbital motion, the object that is rotating stays a fixed distance (called the radius) 
from the centre of rotation.

• In spinning motion, the concept of radius has no meaning because each position on a 
spinning object is rotating with a different radius to an adjacent position.

The skater’s hands are rotating with a completely different radius to her shoulders.
Spinning motion
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answers

activity 1a: Uncertainties in data (page 5)
1. a. 7.3 ± 0.1 mm b. 5.16 ± 0.01 V c. 22.1 ± 0.1 cm d. 0.660 ± 0.001

2. a. 5.3 ± 0.2 mm b. 0.702 ± 0.002 s c. 1.63 ± 0.06 g

 d. 1.791 ± 0.006 mL

3. a. 0.57 ± 0.02  b. 0.45 ± 0.01  c. 12.28 ± 0.01  d. 570 ± 10

4. a. 19.4 ± 0.3 mm b. 6.49 ± 0.06 V c. 12.73 ± 0.09 s d. 260 ± 10 g

5. 0.711 ± 0.004 s

activity 1B: Uncertainties in graphs (page 9)
1. a. 4 b. 0.02 c. 4 squares

 d. i. 2 squares ii. 1 square  iii. 1
2

 square (indistinguishable)

  iv. 1 1
2

 squares.

 e. i. 4 squares ii. 1 square iii. 3 squares

2. a. 38.5 m s−1 b. 5 m s−1 c. 39 ± 5 m s−1

3. a. 

40

30

20

10

2 4 6 8
time (s)

distance (m)  b. 4.7 ± 0.5 m s−1

 

4. a. 

2.0

1.5

1.0

0.5

1 2 3 4
a (m s–2)

F (N)

00

  b.  0.49 ± 0.04 N s2 m–1 (or kg)

activity 1C: Uncertainties in calculations (page 11)
1. a. 24.1 ±  0.4 b. 580 ± 20 c. 0.009 ± 0.002

 d. (3.22 ± 0.06) × 10−3

2. a. 3.1% b. 2.3% c. 1.1% d. 0.84%

3. a. 0.058 ± 0.002 b. 118 ± 2 c. 0.030 ± 0.001 d. (3.2 ± 0.1) × 104
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4. a. 32.0 ± 0.5 b. 6.6 ± 0.5 c. 25.4 ± 0.4 d. 15.2 ± 0.1

 e. 26.9 ± 0.4 f. 5.1 ± 0.3

5. a. (82.6 ± 0.61%) ÷ (47.57 ± 0.17%) b. 1.74 ± 0.01

6. a. i. 5% ii. 5% iii. 3% iv. 0.1%

  v. 4% vi. 1.5%

 b. i. 10.5 ± 0.5  ii. 2.7 ± 0.1 iii. 350 ± 1

  iv. 42.3 ± 0.9 v. 26 ± 2 vi. 8.4 ± 0.2 

7. a. 100.0 ± 0.2 m b. 600 ± 3 m2

8. a. 194 ± 2 g b. 0.84 ± 0.02 g m−3

9. a. 29 ± 2 km b. 3.2 ± 0.3 km h−1 

10. a. I2Rt = 1.002 × 150 × 12.0, ΔEH = (2 × 2% + 1.3% + 0.83%) = 6.2% of 1 800

 b. 1 510 ± 90 J

11. 116 ± 5 Ω

activity 2a: Making measurements (page 22)
1. a. 0.285 V b. 0.0854 m2 c. 2.2 × 10−6 A

2. a. 13.0 ± 0.1 cm b. 11.0 ± 0.1 cm

3. a. 22 ± 1 mL

 b. i. 9 ± 2 mL

  ii. Although each measurement is correct to 2 sf, because the calculation is 
subtraction, the answer must be to the same number of decimal places, and 
this gives only 1 sf.

  iii. To get the volume of the Plasticine, two measurement values had to be 
subtracted. Each measurement had an instrument uncertainty of 1 mL and 
the uncertainty in the processed measurement is the sum of the individual 
uncertainties.

4. a. 0.0746 ± 0.0002 g

 b.  Although the instrument measures to 2 dp, because the calculation is division, 
the answer will have the same number of sf as the measurement.

5. a.	 −2	±	0.5	mm	 b. 8.8 ± 0.1 cm

6. a. 10.3 ± 0.1 s b. 0.862 ± 0.008 s

 c.  If only one swing had been measured, the measurement would have been 
correct	to	only	1	significant	figure.	By	timing	multiple	swings,	the	period	can	be	
measured	to	an	increased	number	of	significant	figures.

 d.  Starting and stopping the timer involves judgement, and so each measurement 
will have a random uncertainty. Individual measurements are likely to be spread 
either side of the true measurement, and so the average will be closer to the true 
measurement than any individual measurement.
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281
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circuit 282–4, 290, 
294, 296–7
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124, 163
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(defi nition) 109
collisions 97, 99, 102, 105
conical pendulum 111–12
conservation laws 206–7
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104–5

cut-off voltage 189–190

damped SHM 176
damping 176
dielectrics 233, 236–7
dielectric constant 237
diffraction 51, 186
diffraction grating 59–61, 

80, 191–2
Doppler effect 77–80

Einstein, Albert 183, 186, 
189, 205–6

elastic potential energy 90–
1, 172, 305

electromagnetic 
induction 249, 251–2

electromagnetic waves 47, 
80, 183, 198

electron volt 197, 208
EMF 223–5, 229, 254, 263
emission spectrum see 

atomic line spectra
energy graphs 175
equations of rotational 

motion 134
equilibrium position 

(defi nition) 152
error bars 6–8, 31–2, 35
error line 7–9, 32–3, 35–8

farad 235, 237
Faraday’s law 253, 263
fi ssion 210–13
fl ux density 252–3
fl ywheel 148

force components 88–9
force constant 90, 167, 

173
forced oscillations 177–78
forced SHM see forced 

oscillations
frequency (defi nition) 48
fundamental (resonant 

frequency) 66
fundamental units 15
fusion reactions 212–13

gamma radiation 211
graphs of motion 133
gravitational fi eld 

strength 123–4
gravitational potential 

energy 90–1, 119–120, 
147, 149, 173–4, 305

ground state 196–7

harmonics 67–9, 72
henry (unit) 264
hydrogen bomb 213
hydrogen spectrum 193–4

ideal inductor 263
impedance 289–90, 296, 

298–302
impulse 93–5
inductance 260–4, 266–

68, 293, 297
interference (defi nition) 52
internal resistance 222–5
isolated system 104

kinetic energy 
(defi nition) 90

Kirchhoff’s laws 228–30
LCR series circuit 299–300
Lenz’s law 251, 254, 261, 

264, 292
magnetic fl ux 252–3, 257, 

260, 263


