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Introducing Physics for Queensland Units
3 & 4 (Fourth edition)

Congratulations on choosing Physics for Queensland Units 3 & 4 as part of your studies this
year!

Physics for Queensland Units 3 & 4 has been purpose-written to meet the requirements of the QCAA
Physics 2025 General senior syllabus. It includes a range of flexible print and digital products to suit
your school and incorporates a wide variety of features designed to make learning fun, purposeful
and accessible for all students!

Key features of the Student Books

The Physics toolkit module provides
an overview of the syllabus, student-
friendly guidance for every science
inquiry skill and tips for success on
assessment tasks.

Lesson 1.1
Studying QCE Physics

Key e
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What is phys

Each module begins with a

module opener that includes:

+ QCAA subject matter 4

- reference to a supporting prior
knowledge quiz that assesses and Introduction
informs student understanding of
pre-requisite concepts

- alist of practical lessons that
support science inquiry

Prior knowledge

S Ohect yrr sndetasding o v et o oo e

Subject m.
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N—— Each lesson includes:
I The photoelectric effect A ‘ * learning i".'ten_tions and
‘ success criteria
+ clearly structured content
written in clear, concise
language
+ definitions for all key terms on
the page
— o + engaging, relevant and
- s informative images and
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: - arange of tips and features
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;. % content to life including study
deee P s Wy () tips, worked examples, skill
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Pt do phatomecek } world science applications
: - references to supporting digital
resources
- Check your learning
- worer - activities organised according
to Marzano and Kendall's
taxonomy and incorporating
cognitive verbs.
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0 0 Each module contains a range of

. e practical activities designed to
meet the requirements of science
understanding and science inquiry
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Breahing 2 magnes i Salt

A

-

Cam steet b mageetioed mith vistes Sghi?

Find out more

For a complete overview of all the features and benefits of this Student Book:

> Qactivate your digital access (using the instructions on the inside front cover of this book) and click
on “Introducing Physics for Queensland Units 3 & 4" in the "About this course” menu
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o ¥ Key features of Oxford Digital

Oxford Digital has been designed in consultation with Australian teachers for Australian classrooms.
The new platform delivers fully accessible, reflowable course content with videos, auto-marking
activities, interactives and more embedded right where you need them.

There’s also a range of unique features designed to improve learning outcomes.

Key features for students

As a student, you can:

> view all course content in a fully accessible, reflowable format that's delivered in bite-sized chunks

SO you can work at you own pace
> use the “Read to me” button to have any part of the course read aloud to you

> highlight, take notes, bookmark pages, or define words with the built-in Australian Oxford
Dictionary

watch short content videos, worked example videos and practical demonstration videos to

help you revise anything you don't understand, catch up on things you've missed, or help you with
your homework

complete hundreds of interactive questions and quizzes as you work through the content and get
the answers and results sent to you.

ome > Phyucs Sor Quesnaiend Unith 16.3 >
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© 18
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Key features for teachers

As a teacher, you can:

> elevate your teaching and reduce planning and preparation time with Live Lesson mode.
This is an Australian first that lets you upgrade from traditional print-based lesson plans to
fully interactive, perfectly sequenced and timed interactive lessons complete with
classroom activities that are ready to go

> personalise learning for every student and differentiate content based on student strengths
and weaknesses. Assign support or extension resources to any student using a range of

differentiation resources
> revolutionise your planning, marking and reporting with powerful analytics on student
performance and progress.

3 » Mode § > e

Lesson 8
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Find out more

For a complete overview of all the features and benefits of Oxford Digital:

> activate your digital access (using the instructions on the inside front cover of this book) and click
on “Introducing Physics for Queensland Units 3 & 4" in the “About this course” menu
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Physics toolkit BT ¢

|

Physics, like the other sciences, is all about explaining the natural world. Measurement
is at its very heart. Ever since humans have been thinking about their place in the
universe, they have been making measurements. There are many different things that
humans measure, and therefore there are different types of measurement and different
ways of interpreting the measurements taken. As you study physics, you will learn
about how different questions have been solved. Eventually, you will ask your own

1

Introduction

questions and make your own measurements.
This module will become a useful reference throughout Units 3 and 4 of Physics.
Physics applies a rigorous scientific method to collect information and test theories, so
in some ways this module tells you many of the most important things in all of physics.
It should come first! -
This module is set out in a way that makes each piece of information easy to access.
It is not meant to be read from beginning to end. Rather, it’s like a toolbox — you dip
your hand into it, get the tool you need and then use it.

Prior knowledge Il -

Prior

knowledge
quiz start.

Check your understanding of the science inquiry skills before you

2 PHYSICS FOR QUEENSLAND UNITS 3 & 4 OXFORD UNIVERSITY PRESS
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« NI
Online-only lessons

Lesson 1.2 Considering First Nations perspectives in Physics
Lesson 1.3 Understanding the scientific method

Lesson 1.4 Planning investigations

Lesson 1.5 Considering safety and ethics

Lesson 1.6 Collecting data

Lesson 1.8 Evaluating evidence

Lesson 1.9 Communicating scientifically

Lesson 1.10 Preparing for your data test

Lesson 1.11 Conducting your student experiment
Lesson 1.12 Conducting your research investigation

Lesson 1.13 Preparing for your exams
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Learning intentions
and success criteria

physics

the systematic study of
energy and matter and
how they interact with
each other to explain
observed phenomena

Lesson 1.1

Studying QCE Physics

Key ideas

— In QCE Physics, you will gain a variety of science understanding and inquiry skills
that will help you succeed in assessments, as a scientific professional, and as a
science citizen.

Rationale

Physics aims to develop students’

e appreciation of the wonder of physics and the significant contribution physics has made to
contemporary society

¢ understanding that diverse natural phenomena may be explained, analysed and predicted
using concepts, models and theories that provide a reliable basis for action

¢ understanding of the ways in which matter and energy interact in physical systems across
a range of scales

e understanding of the ways in which models and theories are refined, and new models and
theories are developed in physics; and how physics knowledge is used in a wide range of
contexts and informs personal, local and global issues

* investigative skills, including the design and conduct of investigations to explore
phenomena and solve problems, the collection and analysis of qualitative and quantitative
data, and the interpretation of evidence

e ability to use accurate and precise measurement, valid and reliable evidence, and
scepticism and intellectual rigour to evaluate claims

e ability to communicate physics understanding, findings, arguments and conclusions using

appropriate representations, modes and genres.
Source: Physics 2025 v1.2 General Senior Syllabus © State of Queensland (QCAA) 2024

What is physics?

Physics is fundamentally concerned with energy and matter, and how they interact with
each other. It deals with energy in the form of heat, radiation, electricity, motion, sound, light,
magnetism and gravity, and explains how energy is transferred and transformed. Physics
deals with matter on scales ranging from tiny subatomic particles to stars, galaxies, the edge
of the universe and beyond.

Physics is not just about observing the universe. It is an experimental science — it measures
and probes the world to formulate and test hypotheses. The results of these experiments are
used to formulate models, laws and theories (usually expressed mathematically), and this
allows us to predict other phenomena. However, models and laws are not unchanging — the
ideas are quite dynamic. Some models used in physics decades ago have been modified or
discarded as new information and understandings have become known. Such an example is
the Higgs field to account for the mass of particles. This new idea was proposed in 1960s and
confirmed 50 years later. Other ideas have been around for a century or more and have not
changed.

4 PHYSICS FOR QUEENSLAND UNITS 3 & 4 OXFORD UNIVERSITY PRESS
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Physics doesn’t just deal with theoretical
ideas. It has a practical role in nearly every sphere
of human activity, such as the development
of sustainable and efficient forms of energy
production, biomechanics and the understanding
of athletic performance, reducing noise pollution
by acoustic design, and monitoring earthquakes
and tsunamis. Physics is also called upon to
answer some of the most fundamental questions
about human existence.

Many physicists are researchers working
to find answers to some of these fundamental
questions. Their answers often lead to unexpected
technological applications. For example, all the
technology we rely on today, including computers, FIGURE 1 Physics has a role in monitoring earthquakes and tsunamis.

mobile phones and the internet, is based on ] — 3 5
l

developed in the 1830s.

Whether physicists are researchers or work
in industry developing new products, they all

a theoretical understanding of electric fields
— — l 1

problem-solve. They take a situation and apply
their knowledge and understanding of physics
principles, models and laws to improve on what
has been done before. Physicists are also the

ones who say to manufacturers who ask for their
product to be made faster, cheaper and safer, “You

can only choose two of those”. A physicist will

often be the one to remind others that you can’t L

break the laws of thermodynamics. They can give

sound advice.
FIGURE 2 A physicist could be in charge of curating a museum exhibit to

Their ability to problem-solve and tackle educate the general public about physics,

challenging questions allows them to work in

diverse industries outside of the laboratory,

such as in museums, the military, teaching in high schools, lecturing at universities, in
hospitals, power generation and distribution companies, the I'T industry, astronomical
and meteorological observatories, law firms, the finance sector, engineering firms and
businesses.

How is the QCE Physics course structured?

Studying QCE Physics provides you with the opportunity to engage in a range of inquiry
tasks and develop science inquiry skills. You will develop an understanding of the ways in
which matter and energy interact in physical systems to produce diverse natural phenomena,
and be able to make links between theory, knowledge and practice.

Syllabus objectives

As for the other senior sciences, there are six syllabus objectives in QCE Physics.
1 Describe ideas and findings

Students use scientific representations and language in appropriate genres to give a
detailed account of scientific phenomena, concepts, theories, models and systems.

OXFORD UNIVERSITY PRESS MODULE 1 PHYSICS TOOLKIT 5
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Study tip

Your assessments

in QCE Physics are
mapped to these
syllabus objectives.
The data test (Lesson
1.10) assesses
objectives 2 to 4. The
student experiment
(Lesson 1.11) and
research investigation
(Lesson 1.12) assess
objectives 1 to 6.

The external exam
(Lesson 1.13) assesses
objectives 1 to 4.

6 PHYSICS FOR QUEENSLAND UNITS 3 & 4

uo Campion Education (Aust) Pty Ltd on 13/08/2025 under licence.

2 Apply understanding
Students use scientific concepts, theories, models and systems within their limitations.
They use algebraic, visual and graphical representations of scientific relationships and
data to determine unknown scientific quantities or features. They explain phenomena,
concepts, theories, models, systems and modifications to methodologies.

3 Analyse data
Students consider scientific information from primary and secondary sources to identify
trends, patterns, relationships, limitations and uncertainty. In qualitative data, they
identify the essential elements, features or components. In quantitative data, they use
mathematical processes and algorithms. They identify data to support ideas, conclusions
or decisions.

4 Interpret evidence
Students use their understanding of scientific concepts, theories, models and systems and
their limitations to draw conclusions and develop scientific arguments. They compare,
deduce, extrapolate, infer, justify and make predictions based on their analysis of data.

5 Evaluate conclusions, claims and processes
Students critically reflect on the available evidence and make judgements about its
application to research questions. They extrapolate findings to support or refute claims.
They use the quality of the evidence to evaluate the validity and reliability of inquiry
processes and suggest improvements and extensions for further investigation.

6 Investigate phenomena
Students develop rationales and research questions for experiments and investigations.
They modify methodologies to collect primary data and select secondary sources. They
manage risks, environmental and ethical issues, and acknowledge sources of information.

} } l l

Unit 1 Unit 2 Unit 3 Unit 4

J J | |

Thermal, nuclear Linear motion Gravity and
and electrical physics electromagnetism

Revolutions in

and waves modern physics

FIGURE 3 The structure of the QCE Physics course

Subject matter

The structure of the QCE Physics course is laid out in the Physics General Senior Syllabus.
The course consists of four units. Units 1 and 2 are completed in the first year of the QCE
Physics course and Units 3 and 4 in the second year. Each unit is divided into topics and each
topic can include science understanding, science as a human endeavour and science inquiry
subject matter. You should be familiar with these categories of understanding from your
studies in Years 7 to 10.

An overview of the QCE Physics units is shown in Figure 3, and Units 3 and 4 are
summarised in Table 1. Each unit has its own specific objectives, which are outlined in the
Unit 3 and Unit 4 openers.

OXFORD UNIVERSITY PRESS
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TABLE 1 Topics in Units 3 and 4 Physics

Unit 3 Gravity and electromagnetism

Topic Description
1. Gravity and motion In this topic, you will learn about:
* vectors and projectile motion
* inclined planes and circular motion
* orbital mechanics.
2. Electromagnetism In this topic, you will learn about:
» electrostatics
* magnetic fields
* electromagnetic induction and radiation.
Unit 4 Revolutions in modern physics
Topic Description
1. Special relativity In this topic, you will learn about:
* special relativity.
2. Quantum theory In this topic, you will learn about:
* quantum theory.
3. The Standard Model In this topic, you will learn about:

* the Standard Model
* particle interactions.
Source: Adapted from Physics 2025 v1.2 General Senior Syllabus © State of Queensland (QCAA) 2024

Assessment in QCE Physics

In Units 3 and 4, schools develop three assessments using the assessment specifications and

conditions provided in the syllabus.

The structure of your assessment is outlined in Table 2.

TABLE 2 Units 3 and 4 assessments

Unit and assessment Assessment
type description
Unit 3 Gravity and Students respond to
motion: Data test items using qualitative

data and/or quantitative
data derived from
practicals, activities or
case studies relevant to

Unit 3 subject matter.

Unit 3 Gravity and Students modify

motion: Student experiment | (i.e. refine, extend or
redirect) an experiment
relevant to Unit 3
subject matter to
address their own
related hypothesis
or question. This
assessment provides
opportunities to assess
science inquiry skills.
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Assessment objectives

Apply understanding of gravity and motion, or electromagnetism
to given algebraic, visual or graphical representations of scientific
relationships and data to determine unknown scientific quantities
or features.

Analyse data about gravity and motion, or electromagnetism to
identify trends, patterns, relationships, limitations or uncertainty
in datasets.

Interpret evidence about gravity and motion, or electromagnetism
to draw conclusions based on analysis of datasets.

Describe ideas and experimental findings about gravity and motion,
or electromagnetism.

Apply understanding of gravity and motion, or electromagnetism to
modify experimental methodologies and process data.

Analyse experimental data about gravity and motion, or
electromagnetism.

Interpret experimental evidence about gravity and motion, or
electromagnetism.

Evaluate experimental processes and conclusions about gravity and
motion, or electromagnetism.

Investigate phenomena associated with gravity and motion, or
electromagnetism through an experiment. }
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Unit and assessment Assessment
type description
Unit 4 Revolutions in Students gather 1.

modern physics: Research evidence related to a

investigation research question to 2.
evaluate a claim relevant

to Unit 4 subject 3.
matter. This assessment
provides opportunities 4.
to assess science inquiry
skills and science as

a human endeavour

(SHE) subject matter.

Units 3 and 4 examination(s)

Assessment objectives

Describe ideas and findings about special relativity, quantum
theory or the Standard Model.

Apply understanding of special relativity, quantum theory or the
Standard Model to develop research questions.

Analyse research data about special relativity, quantum theory or
the Standard Model.

Interpret research evidence about special relativity, quantum theory
or the Standard Model.

Evaluate research processes, claims and conclusions about special
relativity, quantum theory or the Standard Model.

Investigate phenomena associated with special relativity, quantum
theory or the Standard Model through research.

Source: Adapted from Physics 2025 v1.2 General Senior Syllabus © State of Queensland (QCAA) 2024

You can use Lesson 1.10 Preparing for your data test, L.esson 1.11 Conducting your
student experiment, L.esson 1.12 Conducting your research investigation and Lesson 1.13
Preparing for your exams to guide you through these assessments. Note that science as a
human endeavour content will not be directly assessed in your examinations.

What are the science inquiry skills?

In addition to developing your science understanding in physics (which we will cover in
Modules 2 to 14), the QCE course requires you to develop and apply a range of science
inquiry skills. These skills are specified in the QCE Physics General Senior Syllabus and are
listed on the opening pages of this module. This module will help you develop these skills.

The science inquiry skills are applicable to all areas of study in Units 1 to 4 of the QCE
Physics course. They are especially important for preparing and planning for your data test,
student experiment and research investigation assessment tasks.

Check your learning 1.1

Retrieval and comprehension

1 Define the term “physics” in 10 words or less.
(1 mark)

Analytical processes

2 Distinguish between “problem-solving” and

“developing technology” as applied to the use of

physics. (1 mark)

3 Judge whether this is true: “Physics is said
to be an experimental science, so all physics
theories have to come from experiments.”
(2 marks)

8 PHYSICS FOR QUEENSLAND UNITS 3 & 4

Check your learning 1.1: Complete these questions online or in your workbook.

Knowledge utilisation

4 Investigate what role physicists may play in the

finance and business sectors. (2 marks)

5 Evaluate the statement “physics is a practical
science”. Does it mean that all research has to
have a practical outcome such as saving energy or
making more powerful satellites? (2 marks)

6 Propose a response to this question from a
friend: “How can they say the Big Bang really
occurred when no one was there?” (1 mark)

7 Propose how physics might be used in
chemistry and biology, and how physics relies on
mathematics. (3 marks)
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Lesson 1.2
Considering First Nations
perspectives in Physics

Key ideas

— First Nations peoples have longstanding scientific knowledge.

— First Nations peoples have developed knowledge about the world by observing using
all the senses, predicting and hypothesising, testing (trial and error), and making
generalisations within specific contexts such as the use of food, natural materials,
navigation and sustainability of the environment.

— Correctly acknowledging cultural and/or language groups, rejecting deficit discourse,
avoiding Eurocentrism and critically evaluating sources of information can help you to
respectfully engage with First Nations perspectives in QCE Physics.

Science inquiry skills @

This lesson provides support for the following science inquiry skills: Learning intentions
¢ identify and implement strategies to manage risks, ethics and environmental impact, e.g. and success criteria

— cultural guidelines, protocols for working with the knowledges of First Nations peoples.
Source: Physics 2025 v1.2 General Senior Syllabus © State of Queensland (QCAA) 2024

D<{o s lelleicIRA This lesson is available on Oxford Digital.

Lesson 1.3
Understanding the scientific method

Key ideas

— The scientific method is an iterative and cyclic process.

— Research questions define the scope of an investigation. They can be used to develop
hypotheses that predict the outcome of the investigation.

Science inquiry skills @

This lesson provides support for the following science inquiry skills: Learning intentions
e identify, research and construct questions for investigation and success criteria

e propose hypotheses and/or predict possible outcomes.
Source: Physics 2025 v1.2 General Senior Syllabus © State of Queensland (QCAA) 2024

5{0yslelleicIRA This lesson is available on Oxford Digital.
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©

Learning intentions
and success criteria

Lesson 1.4
Planning investigations

Key ideas

— A method outlines the steps followed in an experiment and lists all of the materials
and equipment used.

— Valid and reliable measurements can be obtained by carefully designing your
investigation to collect sufficient data and minimise errors.

— All measurements include errors or uncertainties, either systematic or random. It is
important to consider these and implement strategies to minimise their effects when
planning your experiments.

Science inquiry skills

This lesson provides support for the following science inquiry skills:

design investigations, including the procedure/s to be followed, the materials required,

and the type and amount of primary and/or secondary data required to obtain valid and

reliable evidence, e.g.

— consider replicates, number of data points, and quality of sources

— identify the types of errors, extraneous variables or confounding factors that are likely
to influence results and implement strategies to minimise systematic and random error

use appropriate equipment, techniques, procedures and sources to systematically and
safely collect primary and secondary data, e.g.

— laboratory and field techniques: measurement, and equipment calibration

— ICTs, scientific texts, databases, online sources

suggest improvements and extensions to minimise uncertainty, address limitations and

improve the overall quality of evidence, e.g.

— analyse the impact of random error/measurement uncertainties and systematic errors in
experimental work and determine how these errors/measurement uncertainties can be
reduced

— discriminate between random and systematic errors

— identify that experimental design and procedure usually leads to systematic errors
in measurement, which causes a deviation in a direction and that repeated trials and
measurements will reduce random error but not systematic error

use data and reasoning to discuss and evaluate the validity and reliability of evidence, e.g.

— discriminate between validity and reliability
Source: Physics 2025 v1.2 General Senior Syllabus © State of Queensland (QCAA) 2024

(o 4{0yslelleliCIRAM This lesson is available on Oxford Digital.
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Lesson 1.5
Considering safety and ethics

Key ideas

— Laboratory safety is important to prevent harm to yourself and those sharing the lab
space with you.

— Safety and ethics extend beyond the lab; you should be considering the broader
potential impacts of your experiment.

Science inquiry skills @

This lesson provides support for the following science inquiry skills: Learning intentions

e identify and implement strategies to manage risks, ethics and environmental impact, e.g. and success criteria

— workplace health and safety guidelines

— standard operating procedures.
Source: Physics 2025 v1.2 General Senior Syllabus © State of Queensland (QCAA) 2024

D4{0 s [elleiIRA Thislesson is available on Oxford Digital.
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Lesson 1.6

Collecting data

Key ideas

— Single experimental measurements are reported using best estimates, indicators of
measurement uncertainty and units.

— Scientific notation is used to easily express extremely large or small values.

— Significant figures are digits in a number that are known with certainty and the first
digit that is uncertain.

— All measurements, information and observations should be recorded in your logbook.

@ Science inquiry skills

Learning intentions This lesson provides support for the following science inquiry skills:

and success criteria e use scientific language and representations to systematically record information,
observations, data and measurement error, €.g.

— symbols, units and prefixes
— tables, graphs and diagrams
— logbooks
e translate information between graphical, numerical and/or algebraic forms, e.g.
— units and measurement conversions

— symbols and notation
Source: Physics 2025 v1.2 General Senior Syllabus © State of Queensland (QCAA) 2024

Worked examples

This lesson is supported by the following Worked examples:
¢ Worked example 1.6A Writing numbers using scientific notation
¢ Worked example 1.6B Converting between units for physical quantities

[o4{0 s [elleiIRA Thislesson is available on Oxford Digital.
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Lesson 1.7
Processing and analysing data

Key ideas

— Data is processed and analysed to identify trends, patterns, relationships, limitations
and uncertainty.

— Absolute and percentage uncertainty give an idea of the precision of measurements.
— Absolute and percentage error give an idea of the accuracy of measurements.
— Data can be summarised in a variety of ways, such as in a table, a scatterplot,

or a scientific diagram.

— Linearising data helps you to identify the exact relationship between variables.

Science inquiry skills @

This lesson provides support for the following science inquiry skills:
Learning intentions

e use scientific language and representations to systematically record information, and success criteria

observations, data and measurement error, €.g.

— indicators of measurement uncertainty and state measurement uncertainties as a range
(¥) to an appropriate precision, e.g. when adding or subtracting, the final answer
should be given to the least number of decimal places, when multiplying or dividing,
the final answer should be given to the least number of significant figures

e use mathematical techniques to summarise data in a way that allows for identification of

relevant trends, patterns, relationships, limitations and uncertainty, e.g.

— mean

— gradient analysis

— scatterplots (with maximum and minimum trendlines and R?)

— propagate random error in data processing to show the impact of measurement
uncertainties on the final result

— apply simple treatment of error analysis, e.g. for functions such as addition and
subtraction, absolute uncertainties should be added, for multiplication, division and
powers, percentage uncertainties should be added

— calculate the measurement uncertainties in processed data, including the use of

(xmax - xmin)
+ s and percentage

x 100%)

absolute uncertainties of the mean (Formula: AX =

absolute uncertainty
measurement

— calculate the percentage error, when the experimental result can

uncertainties (Formula: percentage uncertainty (%) =

be compared with a theoretical or accepted result (value)

measured value - true value x 100%)
true value

— discriminate between absolute uncertainty and percentage error

(Formula: percentage error (%) =

e select and construct appropriate representations to present data and communicate
findings, e.g.
— summary tables

— scatterplots (with maximum and minimum trendlines and R?)

OXFORD UNIVERSITY PRESS MODULE 1 PHYSICS TOOLKIT 13

This work must not be reproduced, stored, transmitted or circulated in any other form.



FIGURE 1 Analysing data, for example by using
mathematical techniques, helps us to draw conclusions
from an investigation.

precision

the range of values
found around the
observed (measured)
value; how close two
or more measurements
of the same object or
phenomenon are to
each other (i.e. the
“uncertainty” of the
measurement); the
higher the uncertainty
the lower the precision

accuracy

the difference
between the observed
(measured) value and
a currently accepted
value of a quantity
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— scientific drawings
— apply appropriate graphical representations to analyse data and draw conclusions
¢ discriminate between precision and accuracy
— identify that all measurements have limits to their precision and accuracy that must be
considered when evaluating experimental results
— identify that quantitative data obtained from measurements is associated with random
error/measurement uncertainties
e analyse data to identify trends, patterns and relationships; recognising error, uncertainty
and limitations of evidence
e extrapolate findings to determine unknown values, predict outcomes and evaluate claims.
e interpret graphs in terms of the relationship between dependent and independent
variables; draw and interpret best-fit lines or curves through data points, including

evaluating when it can and cannot be considered as a linear function
Source: Physics 2025 v1.2 General Senior Syllabus © State of Queensland (QCAA) 2024

What information does data analysis give us?

Once we have obtained our raw data, we are ready to process it.
This typically involves completing calculations and constructing
scatterplots. By transforming the data into more meaningful
forms, we can analyse it to quantify uncertainty, identify
limitations, construct evidence-based arguments and draw
conclusions.

What are precision and accuracy?

A part of any physics experiment is to record and analyse your
measurements for quality. This is called an error analysis and
is done by assessing both the precision and accuracy of the
experimental observations. Precision and accuracy mean very
different things, so it is important that these terms are used
correctly. For a set of measurements:

e precision is the range of values found around the observed (measured) value, or how

close two or more measurements of the same object or phenomenon are to each other.
Precision may be represented as an absolute uncertainty or as a percentage uncertainty.
The higher the uncertainty, the lower the precision.

e accuracy is the difference between the best estimate or observed (measured) value and

the accepted (true) value of the observed quantity. Accuracy may be represented as an
absolute error or as a percentage error.

o o
x
P %
x
w x ¥ .
X

High accuracy Low accuracy

High precision

High accuracy
Low precision

Low accuracy

High precision Low precision

FIGURE 2 Accuracy (closeness to the centre) and precision (closeness to each other) are different concepts.
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A low systematic error is likely to make the results of an experiment accurate and therefore

valid. A large systematic error would mean the experiment is not accurate and hence the
results would not be valid. Results with a low random error, and hence low uncertainty, are
said to be precise and thus reliable. Low precision (high uncertainty) means the result is
imprecise and thus unreliable.

TABLE 1 Links between accuracy, precision and errors

Size of experimental error Random error
Small

Large

Systematic error
accurate, therefore valid precise, therefore reliable
not accurate, therefore lacks imprecise (low precision), therefore

validity unreliable

Systematic error affects accuracy and therefore validity. Random error affects precision

and therefore reliability. Both these concepts should be carefully considered when you analyse
your data. Understanding them helps you to analyse the uncertainty in your results. Let’s look

at some ways you can process your data to determine uncertainty.

How do you report repeated measurements?

Single measurements are reported using half-scale divisions. When you make repeated single
measurements, you need to complete additional calculations (i.e. process the data) to obtain
your best estimate. In this case, the best estimate is the mean (average) of your replicate
measurements.

The mean, X, is calculated by dividing the sum of the measurements by the number of
measurements taken:

— XX
X =5
where x is a measurement and # is the number of replicates.

Averaging your results gives you a single value (best estimate), but you need to also state

the spread of results around this value. This is called the uncertainty of the results and can be

expressed as absolute or percentage uncertainty.

How do you calculate absolute uncertainty?

Absolute uncertainty (8x) is the dispersion (spread) of values around the mean, reported
by half the range of the measurements. It gives you information about the precision of your
results. It is calculated by subtracting the highest from the lowest value and dividing by two:

— (xmax B xmin)
= 4 \Tmax  Tmin)
ox = =& 3

where x___is the largest value and x__ is the smallest value.

As when reporting single measurements, you would report your result as the best estimate
+ uncertainty. Say you measured the diameter of a piece of wire four times using a vernier
calliper. We often do this because wire is not always perfectly round, so measurements are
taken at different angles around a point on the wire. Let the readings be 0.60 mm, 0.62 mm,
0.65mm and 0.62mm. The best estimate is the average (mean) of 0.6225mm and the range
is 0.60 — 0.65 = 0.05 mm. Half the range of 0.05mm is 0.025mm, so 8x = 0.025mm. The
results are 0.6225 + 0.025 mm. However, using the following rules, this would be reported as

0.62 + 0.03 mm.

OXFORD UNIVERSITY PRESS
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mean
the average of multiple
values

absolute
uncertainty

the dispersion (spread)
of values around the
mean, 8X, reported

by half the range of
the measurements;

an indicator of

the precision of
measurements

Study tip

Absolute uncertainty
can be represented by
&X, or just &x to keep it
simple. Some sources
use the capital delta
and write AX.
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How to quote uncertainties

The function of uncertainties is to quantify the interval in which the true value of the
measurement lies. There is no point in quoting the uncertainty to more than one or two
significant figures, and usually one significant figure is enough. Often your calculation

for uncertainty will give you many digits. The rule is to round the uncertainty to one
significant figure (or two if the first figure is a “1”’). For example, say you calculated the
mean of a set of distances to be 123.456 m and the uncertainty to be 0.789 m. You

would round the uncertainty to 1 s.f. or 0.8 m, and then round the best estimate (mean) value
to the same number of decimal places (1 d.p.). You would then state the measurement as
123.5+ 0.8m.

Where your best estimate (mean) has an uncertainty that starts with a “1”, such as in
0.167 m, you would round this to two significant figures (0.17) and round your best estimate
to the same number of decimal places (2 d.p.). For example, if a best estimate (mean) was
9.234ms™! and the uncertainty was 0.167 ms™!, you would show your uncertainty to 2 s.f.
as 0.17ms™! and then round the best estimate to 2 d.p. or 9.23ms!. You would report your
measurement as 9.23 £ 0.17ms.

The same rule applies to percentage uncertainty: round the uncertainty to one significant
figure (or two if the first figure is a “17).

Worked example 1.7A

Calculating the mean value and the absolute uncertainty

The diameter of a wire was measured four times using a digital vernier calliper that has a resolution of
0.01 mm. The readings were 0.72mm, 0.75mm, 0.70mm, 0.73 mm. Calculate the mean and the absolute
uncertainty, and report your final answer correctly. (2 marks)

e i,
Step 1: Look at the cognitive verb and mark allocation to | “Calculate” means to determine or find a number or answer by

determine what the question is asking you to do. using mathematical processes. We are being asked to calculate
the mean and absolute uncertainty. The question is worth

2 marks, so we must correctly apply the formulas to complete

the calculations and express the answer correctly.

Step 2: Select the appropriate equations and gather any F= Lx
n
data required. @ 2
o = + Cmax ™ Fmin

x_ . =070mm;x_. =0.75mm;n=4

min

Step 3: Substitute the known values into the formulas 0.72+0.75+0.70 + 0.73

X =
and solve for the final answers. 4
=0.725
%=+ (0.75 ; 0.70)
== 0.025

Step 4: Report your final answer as the best estimate
(mean), absolute uncertainty, and the correct units.
Make sure you use the correct number of significant
figures in the mean and the same number of decimal
places in the uncertainty. Note: marks are not awarded
in the external exam for accuracy and uncertainty
calculations. They may be awarded in your Data Test.

The absolute uncertainty is rounded to 1 s.f. (as it doesn’t start
with a “1”), so it is 0.03mm (remembering that “5 rounds
up”). The mean is then rounded to 2 d.p., the same number of
decimal places as the uncertainty, so it becomes 0.73 mm.

The final answer is 0.73 (1 mark) * 0.03mm (1 mark).
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The separation distance between the poles of two magnets was measured with a metre ruler marked in 1 mm
increments. The distances were 52.0 mm, 58.5mm, 49.5mm, 52.0mm, 56.5 mm. Calculate the mean
distance and the absolute uncertainty, and report your final answer correctly. (2 marks)

Which uncertainty value do you report? Study tip

Like uncertainty for
single measurements,
the absolute

or resolution of the measurement instrument. When dealing with measurements that rely on uncertainty is reported

You have learnt that uncertainty for single measurements is reported as the half-scale division

reaction time, there is also the reaction time uncertainty to consider when reporting data. to the same number of
decimal places as the

. - . 5
What if these values are larger than the absolute uncertainty? Which value should you use: best estimate (mean).

The rule is that the uncertainty value you report should be the largest one. This is because
we don’t want to underestimate the uncertainty of the result. This would make the result Study tip
appear more precise and reliable than is justified or warranted.

You should compare
the uncertainty based

Uncertainty for periodic motion on the size of half-
scale division of the
In “Your turn” for Worked example 1.7B, the period (time) for one oscillation was measured. instrument with the

uncertainty based on

. . . . . . i the calculation using
by 10. The reaction time uncertainty of 0.2s is spread over 10 periods of time, so instead half the maximum

of it being 1.28 + 0.2's for one oscillation, it would be 12.8 + 0.2s for 10 oscillations, or minus the minimum.
When you report

. . . . . K . your final answer,
16% to 1.6%. You will use this technique if you do pendulum experiments, or in the “Gravity always take the larger

Often, with periodic motion such as this, we measure the time for 10 oscillations and divide

1.28 £ 0.02s for the one oscillation. This reduces the percentage uncertainty from

and motion” topic in Unit 3, in which you will perform circular motion experiments. uncertainty of the two.

Worked example 1.7B

Calculating the mean and uncertainty for stopwatch measurements

A ball is projected horizontally from a set height and the time taken to reach the ground was measured using
a digital stopwatch. The readings were 1.12s, 1.055s, 1.155s, 0.95s, 1.00s and 1.20s. The uncertainty for a
hand-held stopwatch is 0.2s. Calculate the mean and uncertainty and report your final answer correctly.

(2 marks)
Step 1: Look at the cognitive verb “Calculate” means to determine or find a number or answer by using
and mark allocation to determine what the = mathematical processes. We are being asked to calculate the mean and
question is asking you to do. uncertainty. The question is worth 2 marks, so we must correctly apply the
formulas to complete the calculations and express the answer correctly.
Step 2: Select the appropriate equations ¥ = %
and gather any data required. + & )
5% = max _ Xmin

x  =1.20mm;x_  =0.95mm;n=06

ma:

Step 3: Substitute the known values _ 1.12+1.05+1.15 + 0.95 + 1.00 + 1.20

X =
. 1 6
to the fi 1 d solve for the final
into the formulas and solve for the fina =1.0783
answers. (1.20 - 0.95)
X =% 5
=+0.125 ’
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T e e

Step 4: Recognise that reaction time error
is relevant and consider it when reporting
your measurements. Select the largest
value and adjust uncertainty as required.

Step 5: Report your final answer as the
best estimate (mean), uncertainty, and
the correct units. Make sure you use the
correct number of significant figures in

the mean.

Reaction time error =+ 0.2s

Digital stopwatch resolution = + 0.01s

Absolute uncertainty = £ 0.125

The reaction time error is the largest.

Uncertainty is expressed to 2 s.f. as it starts with a “1”, so it is 0.13s.
However, the reaction time uncertainty is 0.2s, so we will just report this.
The mean has to have the same number of d.p. as the uncertainty, so the
final answer is 1.1 * 0.2s. (1 mark for correct mean; 1 mark for correct

absolute uncertainty)

A pendulum consisting of a brass bob on a 2.00m string is pulled to one side and allowed to swing for one
complete oscillation (back and forth). The duration of one oscillation was timed using a digital stopwatch.
This was repeated and the readings were 1.28s, 1.265s, 1.29s and 1.30s. Use an uncertainty of 0.2 s for the
stopwatch. Calculate the mean and uncertainty, and report your final answer correctly. (2 marks)

standard
deviation

a measure of the
amount of variation of
a set of data values

outlier

a value data point
that is much smaller
or larger than most
of the other values

in a set of data; often
quantified as being
greater than three
standard deviations
from the mean

18 PHYSICS FOR QUEENSLAND UNITS 3 & 4

How do you calculate standard deviation?

When we deal with a small set of values (as is typical in senior Physics), absolute uncertainty
may not be so useful. A large spread could arise because a single reading is very different
from the others. An alternative is to report the standard deviation (SD, or sigma, 6). This
is calculated using the following formula or the “stdev.s” function in Excel:

o= Yx — %2
n—1

For example, the SD of the four results for the diameter of a piece of wire (0.62 mm,
0.63mm, 0.63mm, 0.64mm) using “stdev.s” is 0.008 mm. Therefore, the results could also
be reported as 0.63 £ 0.008 mm. A low SD means the data points tend to be close to the mean
of the dataset and your data is precise; a high SD indicates that the data points are spread out
over a wider range of values.

SD is highly unlikely to appear in your data test, but you could use it in your student
experiment to identify errors and outliers, and to evaluate the reliability of your results.
Expressing uncertainty using absolute uncertainty is more common in physics.

How do you calculate percentage uncertainty?

Once you have collected the data, you may need to transform it in some way or apply a
formula to it to calculate other quantities. For example, if you gather mass, time or voltage
data, you can calculate speed, acceleration, density or resistance, and compare these
calculated values with accepted (true) values.

If you add, subtract, multiply or divide the data, you can propagate uncertainty through
your calculations. First, you may need to get the data into the right form. Often, this can
involve different units and scales, so absolute uncertainty may no longer be useful. You will
need to make adjustments to take into account the calculations you have performed, and the
value you use may instead be percentage uncertainty.

This work must not be reproduced, stored, transmitted or circulated in any other form.
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Percentage uncertainty (8%) is calculated by dividing the absolute uncertainty by the

observed measurement and multiplying the result by 100 to give a percentage:

absolute uncertainty (6x)
observed measurement (x,,)

-
:%x 100

0% = x 100

Reporting percentage uncertainty

When percentage uncertainty is reported, the format is:
1 observed measurement (best estimate)
2 unit symbol

3 = the percentage uncertainty.

Worked example 1.7C

Calculating percentage uncertainty

Calculate the percentage uncertainty for each measurement and report your final

answer correctly.

a A digital multimeter reading of 0.818V and an absolute uncertainty of £0.001V

(2 marks)
b A voltmeter reading of 0.75 £ 0.05V (2 marks)

percentage
uncertainty

an indicator of
uncertainty in which
the range of values
for a measurement
result (the absolute
uncertainty) is
expressed as a
percentage of the
observed measurement

Study tip

In the QCAA Physics
formula and data book, this
equation is shown as:
Percentage

uncertainty (%)

_ absolute uncertainty

= - 0,
measurement * 100%

I

Step 1: Look at the cognitive
verb and mark allocation to by using mathematical processes. We are being asked to
determine what the question is

asking you to do. 2 marks each, so we must correctly apply the formula to

“Calculate” means to determine or find a number or answer

calculate the percentage uncertainty. The questions are worth

Step 2: Select the appropriate
equation and gather any data

complete the calculation and express the answer correctly.
5% = 3£ x 100

a x,=0.818,6x = 0.001
required. b x,=075,57 = 0.05
Step 3: Substitute the known a %= 8:g(1)21; % 100
values into the formula and solve = +0.122%
for the final answer. b 5% = % x 100

=16.67%

Step 4: Report your final answer | a 8% = 0.122, so, using the rule, round to 2 s.f. to become
as the best estimate (mean), 0.13, then express 0.812 to the same number of d.p. as 8x
uncertainty, and the correct (2 d.p). Report final answer as 0.82V * 0.13%. (1 mark
units. for correct uncertainty; 1 mark for correct reporting)

b 0% = 6.67, so, using the rule, round to 1 s.f. to become

7%, then express 0.75 to the same number of d.p. as 86X
(2 d.p.). Report final answer as 0.75V * 7%. (1 mark for
correct uncertainty; 1 mark for correct reporting)

Calculate the percentage uncertainty for each measurement and report your final

answer correctly.

a A digital multimeter reads the resistance of nichrome wire as 24.5() with an
absolute uncertainty of 0.1 Q. (2 marks)

b A spring balance gives a reading of 15.5 £ 1N. (2 marks)
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Study tip

When calculating
percentage
uncertainty

for repeated
measurements,
“measured

value”, “observed
measurement”,
“observed value”,
“experimental value”
and “best estimate”
are the same thing.

Study tip

You can convert
between absolute
and percentage
uncertainty by
rearranging the 6%
formula.

Eo Campion Education (Aust) Pty Ltd on 13/08/2025 under licence.

How do you calculate percentage uncertainty for
temperature?

All percentage uncertainty calculations for temperature readings should be completed in
kelvin (K). This means you need to convert all Celsius temperatures (7.) to kelvin (7})
before performing the calculation. The formula to convert Celsius to kelvin is T} = 7, + 273.

To understand why, let’s consider the following: what would the percentage uncertainty
be for the temperature of an ice cube measured at 0.0°C? If the absolute uncertainty was

+0.5°C, the percentage uncertainty would be % x 100 = infinity. This is clearly wrong and
does not make sense.
TABLE 2 Estimating uncertainty with temperature
Measurement Celsius Kelvin
Best estimate and absolute uncertainty | 5.0 £ 0.5°C 278 £ 0.5K

Percentage uncertainty 95 v 100=0 2%
278 e

This is correct.

0.5 _
3.0 X 100 = 10%.
This is incorrect.

How is uncertainty propagated in calculations?

Uncertainty can be propagated through calculations. Because you will be multiplying, dividing,

adding and subtracting data, the uncertainty needs to have mathematical operations performed

on it as well. Therefore, when you complete calculations with multiple measurements, you need

to consider the uncertainties of each measurement. The following rules apply:

e When you add or subtract measurements, add absolute uncertainties (see Worked
example 1.7D).

¢ When you multiply or divide measurements, add percentage uncertainties (see Worked
examples 1.7E and 1.7F).

Worked example 1.7D

Calculating uncertainties involving subtraction

The output of a transformer was used to heat 150.0 g of water at 25.0°C, which rose to 33.5°C. The
temperature was measured with an analogue thermometer with 1°C divisions. Calculate the change in

temperature and the percentage uncertainty of the result, and report it correctly. (3 marks)

e

Step 1: Look at the cognitive verb and mark allocation to
determine what the question is asking you to do.

Step 2: Select the appropriate equation(s) and gather any
data required. An analogue (print) scale is used, so the

uncertainty is the half-scale division.

20 PHYSICS FOR QUEENSLAND UNITS 3 & 4

“Calculate” means to determine or find a number or answer
by using mathematical processes. We are being asked

to calculate the change in temperature and percentage
uncertainty. The question is worth 3 marks, so we must
gather the correct information and correctly apply the

formula to complete the calculations.
8% =3 x 100

uncertainty = Lsogmon = % =+0.5°C
Xo=AT=T,-T,
T.=35.5°C, T, = 25.0°C
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Step 3: Substitute the known values into the formula(s) and AT =35.5 — 25.0

solve for the final answer(s). Subtraction is used to obtain o o
= 8.5°C (1 mark)
this value, so the absolute uncertainties must be added. The 5% = 05405
x = 0. .
absolute and percentage uncertainties are rounded to 2 s.f. 1.0°C

as they start with a “1”.

8% = g2 x 100

= 11.76% rounded to 12% (1 mark)

Step 4: Report your final answer as the best estimate 9 * 1.0°C, which is expressed as a percentage as 9°C * 12%
(mean), uncertainty, and the correct units. Note: the (1 mark)
absolute uncertainty is to 2 s.f. (1.0°C) as it starts with
a “1”, which means it has 1 d.p. The best estimate must
also then be expressed to 1 d.p. to match, so it is 9°C. The
percentage uncertainty has the same number of s.f. (2) as
the absolute uncertainty, so it is 12%.

A rectangular loop of wire measures 23.5 + 0.5mm long and 15.0 * 0.5 mm wide. Calculate the perimeter
(3 s.f.) and percentage uncertainty, and express your answer in “best estimate, percentage uncertainty, unit
symbol” format. (3 marks)

Worked example 1.7E

Calculating uncertainties involving multiplication

A golf ball has a mass (as measured on a digital scale) of 46.93 + 0.01 g. The golf ball is raised to a vertical
height of 755.0mm (as measured on a metre ruler that is calibrated in 1 mm divisions). Calculate the
gravitational potential energy (E,) of the ball (£, = mgh and ¢ = 9.807ms?). Report your answer in the
correct format, showing the percentage uncertainty. (3 marks)

T i,

Step 1: Look at the cognitive verb and mark allocation to “Calculate” means to determine or find a number or answer

determine what the question is asking you to do. by using mathematical processes. We are being asked to
calculate the gravitational potential energy and percentage
uncertainty. The question is worth 3 marks, so we must

correctly apply the formulas to complete the calculations.

Step 2: Select the appropriate equation(s) and gather any data  go;, = 2_97 x 100
required. A mix of digital and analogue scales were used, so uncerta(;nty (digital scale) = resolution = + 0.01g

you will use the resolution and half-scale division. resolution _ 1 _
%  =3=%05mm

uncertainty (metre ruler) =
x, = E, = mgh, g =9.807ms™
m=46.93g

— kg

=46.93 x 10002

=0.04693kg
h="755.0mm

=755.0 X

1m
1,000 mm

=0.7550m >
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Step 3: Convert mass and height to SI units. In this case Ep =0.04693 x 9.807 x 0.7550

divide the mass in grams (g) by 1,000 to get kilograms (kg); =0.3475] (4 s.£) (1 mark)

and divide the height in millimetres (mm) by 1,000 to get 8% (digital scale) = 001 . 100

metres (m). Substitute the known values into the formula(s) 46.93

and solve for the final answer(s). Multiplication is used, so =+0.085%

the percentage uncertainties must be added. 8% (metre ruler) = % x 100
=% 0.066%

8% = 0.085 + 0.066
=% 0.15% (1 mark)
Step 4: Report your final answer as the best estimate (mean), | 0.3475] * 0.15% (1 mark)
uncertainty, and the correct units.
Note: this is a difficult one, as the uncertainty is so small.
The absolute uncertainty would be
0.15% % 0.3475 = 0.00052.
This does not start with a “1” so use 2 s.f.; the % uncertainty
would have 2 s.f. as well (= 0.15%). The best estimate should
then have the same number of d.p. as the absolute uncertainty
(5), but this is not reasonable as there are only 4 s.f. in each
of the original measurements. The best we can do is leave the
best estimate at 0.3475 and the % uncertainty as 0.15%.

A rectangular loop of copper wire (measured using a metre ruler marked in 1 mm increments) is 34.5mm
long and 25.0 mm wide. Calculate its area and report the answer with the absolute uncertainty. Use the
correct number of significant figures and units. (3 marks)

Worked example 1.7F

Calculating uncertainties involving division

A toboggan slides 100m down a 30.0° incline in 9.81s. For uncertainties in this measurement, assume the
time is 9.81 + 0.01 s and the distance is 100.0 = 0.1 m. Calculate the average speed and absolute uncertainty,
and report your answer in the correct format. (3 marks)

T e T e

Step 1: Look at the cognitive verb and mark allocation to “Calculate” means to determine or find a number or

determine what the question is asking you to do. answer by using mathematical processes. We are being
asked to calculate the speed and absolute uncertainty.
The question is worth 3 marks, so we must correctly

apply the formulas to complete the calculations.

Step 2: Select the appropriate equation(s) and gather any 8% = 2—’: x 100

data required. The uncertainties for each measurement are uncertainty (time) = * 0.01s

provided. uncertainty (distance) =+ 0.1m
Xy =0 = %

d=100.0m, = 9.81s
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Step 3: Substitute the known values into the formula(s) o= %
and solve for the final answer(s). Division is used, so the = 10.2ms"! (1 mark)

percentage uncertainties must be added.

8% (time) = $%2 x 100
=% 0.1%
8% (distance) = % X 100
=10.1%
8% =0.1+0.1
=%0.2%
Step 4: The question asks for absolute uncertainty, so we will | g — fgg X x,
need to convert it from percentage uncertainty. _ % <102

=0.02ms™! (1 mark)
Step 5: Report your final answer as the best estimate (mean), 10.2 £ 0.02ms™! (1 mark)
uncertainty, and the correct units. Make sure you use the
correct number of significant figures in the mean. The
absolute uncertainty in velocity is 0.0204, which is expressed
with 1 s.f. as 0.02, as the first number is not a “1”. This means
the velocity should have 2 d.p. but can’t as there are just 3 s.f.
in the original measurements, so we leave it as 10.2ms™.

A cube of iron, of 62.99 *+ 0.01 g mass, measures 2.000 = 0.001 cm along each side. Calculate its density
p= Iﬂ/) in gcm~ and absolute uncertainty, and report your result in the correct format. (2 marks)

How do you calculate errors? Study tip

) ) o The term “accepted
We have seen that uncertainty is used to express the precision of a set of measurements. result” is also called
However, students often find their results are different from the accepted result, even though “true value”. All this

means is that it is
accepted by the
could. This measurement discrepancy is known by the term “error” and is a measurement of scientific community.

they performed the experiment as carefully as possible and read the instruments as best they

the accuracy of a result. Error can be represented as absolute error or percentage error.

Absolute error (E) is the difference between the observed (measured) value (x,) and the = absolute error
the difference

accepted (true) value (x,). It is a measure of the accuracy of a result.
A between the observed

absolute error = measured value — accepted value (measured) value and
the accepted (true)
Ea:|x0—xA| value

The straight lines (modulus signs, | |) in the equation indicate the “absolute value”, which
means the sign (+/-) of the answer is ignored.

Percentage error (E%) is the absolute error expressed as a percentage of the accepted percentage error
the absolute error

expressed as a
measured value — true value | % 100 percentage of the

(or true) value.

percentage error = |

true value accepted (true) value
X, — X
E% = |—2—2| x 100
A
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Study tip When you express errors, you should use the least number of s.f. used in the observed or
Absolute and accepted value. You are not penalised for incorrect significant figures in the external exam.
percentage The number of significant figures will not be specified in the external exam for any

uncertainty are
measures of precision.
Absolute and 2 or 3 s.f. in your answer.
percentage error are

measures of accuracy.

calculations at all, so it will be up to you to decide what is appropriate. You are safe if you use

Worked example 1.7G

Calculating absolute and percentage error

A student measured the acceleration due to gravity as 9.73 ms2. The accepted value
at their location is 9.813 ms™2. Calculate the absolute and percentage errors. Express
your answer to 1 s.f. (2 marks)

T e e

Step 1: Look at the cognitive verb and mark “Calculate” means to determine or find a
allocation to determine what the question is number or answer by using mathematical
asking you to do. processes. We are being asked to calculate the

absolute and percentage errors. This question is
worth 2 marks, so we must correctly apply the
formulas to complete the calculations.

Step 2: Select the appropriate equation(s) and E =|x,—x,|

i E
gather any data required. E% = x_: x 100

X, =9.73ms?, x, = 9.813ms™
Step 3: Substitute the known values into the E =[9.73 - 9.813|

formula(s) and solve for the final answer(s). =|-0.083|

=0.083

E% = 035> % 100

=0.846%

Step 4: Finalise your answer(s) and make sure E =0.08ms (1 s.f) (1 mark)

you use the correct number of s.f. and units. E% =0.9% (1 s.f) (1 mark)

The force acting on a 1.00m length of nichrome wire in a particular magnetic field was
found to be 8.44 N, whereas the accepted value is 9.12N. Calculate the percentage
error (1 s.f). (2 marks)

Challenge

A coil of wire has a stated resistance of 330 and is manufactured to a tolerance of
5%. This is the maximum percentage error. Determine the range of resistances that a
coil of wire marked 330 () may have. (2 marks)

How can you present your results?

Once you have finalised your measurements and uncertainties, you can use summary tables
and graphs to present the data. Both are useful to help you clearly observe relationships
between variables.

24 PHYSICS FOR QUEENSLAND UNITS 3 & 4 OXFORD UNIVERSITY PRESS

This work must not be reproduced, stored, transmitted or circulated in any other form.



Provisioned to Campion Education (Aust) Pty Ltd on 13/08/2025 under licence.

Summary tables

Whereas a data table states what has been measured and presents the raw data, a

summary table can bring together processed data. Sometimes, summary tables for simpler
investigations will present measurements, but they generally also show values such as mean,
values derived from calculations and even absolute or percentage uncertainty. For example,
the data table in Figure 7 of LLesson 1.6 could be further summarised by removing the
observations and only including the mean and uncertainty values for each trial. Summary
tables present the most important information for later analysis.

Scatterplots

Graphs are useful to show how one quantity depends on another. On a graph, the horizontal

x-axis is where the IV (or the cause) is plotted. The DV (or the effect of that cause) is plotted

on the vertical y-axis. All graphs should include:

e a graph title that succinctly describes what the graph is showing (typically includes the IV
and DV)

e clearly labelled axes, including units of measurement

e equally spaced units of measurement along the axes (scaling)

e axes that start at zero (where possible)

e data plotted within the confines of each axis

e distinguishing symbols, colours or keys when more than one dataset is plotted on a single
graph

e absolute uncertainty (where relevant) as error bars; do not use percentage uncertainty
value for errors (uncertainty) bars

e atrendline that fits between all error bars.
By analysing the shape of your graphs, you can construct arguments about the relationship

between variables.

How do you graph linear relationships?

A linear relationship produces a straight line when graphed. The variables being measured
can be directly proportional (i.e. the straight line goes through the origin (0, 0)) or not
directly proportional (i.e. the straight line does not go through (0, 0)).

Consider an experiment to determine how much a certain rubber band stretches when
masses are hung vertically from it. The single measurements are shown in Table 3.

TABLE 3 Data obtained from a rubber band experiment

Independent variable: mass, m (g) 0 20 40 60 80
Dependent variable: stretch, d (mm) 0 10 21 28 42

When the points are plotted, it is obvious that the relationship is linear and directly
proportional. Note that each point is plotted as a dot (or cross) that is big enough to still be
seen once a line of best fit or trendline is drawn. The trendline has as many points on the
line as possible. There are usually some points that do not sit exactly on the line, so the line
should be drawn with the same number of points below it as above it.

Scientists and engineers use a complex mathematical procedure to determine where
the trendline should be. Any point that is a long way out of place is called an outlier or an
anomaly, and could be false. Outliers “lie outside” (are much smaller or larger than) most of
the other values in a set of data. It is a legitimate data point originated from a real observation.

OXFORD UNIVERSITY PRESS

This work must not be reproduced, stored, transmitted or circulated in any other form.

Study tip

The term “error bars”
implies that they

are to do with the
accuracy of a data
point. They are not

- they are about the
uncertainty of results
around that data
point. Some teachers
prefer to call them
“uncertainty bars”
although Excel calls
them “error bars”.

directly
proportional
relationship that is
linear and the line
goes through the
origin (0, 0)

trendline

a line of best fit which
shows the general
direction that a group
of points seem to follow

anomaly

a false data point often
the result of a faulty
observation or wrong
equipment
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There are mathematical ways of deciding Stretch vs mass added
whether the value is within the acceptable + )
range for that set of data points. In general, 40

outliers are discarded if they are more _ » Trendline

than three standard deviations away from E/ 22 ®

the mean. An anomaly is something that g S0

deviates from what is standard, normal, or § s

expected. It is not a legitimate value and is 10

produced by an artificial process (such as s

mistakes in the method, wrong equipment 0

0 20 40 60 80 100

or a badly recorded result). Mass added (2
ass added (g

Any individual outlier or anomaly
FIGURE 3 Graph showing a directly proportional

should be noted and the reasons for its relationship between stretch and mass added

existence can be discussed — but it should

not be used for the trendline. If the

trendline is straight and goes through the origin (as in Figure 3), it takes the general form of
y o< x. The proportional sign (e<) can be replaced by an equals sign and a constant () to give:

Yy=mxory=imx+c
gradient where x and y are the variables, m is the gradient or slope of the line, and ¢ is the y-intercept
the slope of a graph or point where the line cuts the y-axis when x = 0.
In the graph of stretch versus mass (Figure 3), the intercept c is zero. The gradient is

Study tip found by dividing the change in the y value by the change in the x value for the same section

You might find it of the line. This can be written as:
easier to remember

the gradient as “rise — M
over run”, where “rise” change in x
refers to the change Ay

in the y-axis values = Ix

and “run” refers to the

change in the x-axis _N TN
values. X, =X,

The gradient of the graph in Figure 3 is given by m = gg - 8 =0.5mmg, and the
intercept ¢ is zero. Thus, for every 1g change in mass (x-axis), the rubber band changes by
0.5mm in length (y-axis).

There are four important points to remember:

e Don’t force the line to go through the origin; it should go through the middle of the

data points, with as many points above it as below it.

e Use the x and y coordinates of points on the trendline to calculate the gradient.

¢ Use points as widely separated as possible to get the most accurate value for the

gradient.

¢ Gradients have the y-axis unit divided by the x-axis unit.

Worked example 1.7H

Determining the relationship between variables

The position of a car rolling down an inclined road was noted every 5 seconds and the

data in Table 4 was obtained.
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TABLE 4 Data obtained from the experiment

Time, t (s) 0 5 10 15 | 20
Distance, s (m) 16 | 23 | 34 | 41 50
a Sketch a graph of the data with the independent variable on the x-axis. (3 marks)
b Calculate the average velocity (gradient or slope). (2 marks)
¢ Identify the y-intercept. (1 mark)
d Derive the equation for the line. (1 mark)
e Explain whether or not the graph is directly proportional. (1 mark)
f Determine the distance travelled at 25s, assuming the velocity is constant. (1 mark)

T
Step 1: Look at the cognitive verb(s) and mark A variety of cognitive verbs are used in this question. “Sketch”
allocation to determine what the question(s) are asking = means to represent using a diagram or graph. “Calculate” means
you to do. to determine or find a number or answer by using mathematical

processes. “Identify” means to locate or recognise and name.
“Derive” means manipulate a mathematical relationship to
give a new equation. “Explain” means to describe in more
detail. “Determine” means to establish after calculation. These

questions are worth a variety of marks.

Step 2: To sketch the graph, draw and label the axes a Distance vs time elapsed
with the IV (time) on the x-axis and DV (distance) 60
on the y-axis. Include units! Plot each data point and 50

Trendline

)/

draw a trendline.

N
o

Distance (m)
(%)
[}

20 _®
10
0
0 5 10 15 20 25
Time (s)
(3 marks)
Step 3: To find the gradient, select the appropriate b _ Ay
. . . . m="1x
equation. Determine the change in y and change in x Av=50—16
for two widely separated points on the line. You can Y =34
use x = 0 as one of the points.
Ax=20-0
=20s (1 mark)
Step 4: Substitute the known values into the formula m=2
. 29
and solve for the gradient. = 1.7ms™ (1 mark)
Step 5: Read the intercept off the y-axis and include ¢ c¢=16m (1 mark)

the units. We can also obtain this value from Table 4.

Step 6: To find the equation for the straight line, select d y=mx+¢

the appropriate equation. You can substitute y and x s= 1.7t + 16 (1 mark)

for DV and IV, respectively.

Step 7: Directly proportional means the graph has an | e The graph is linear but not directly proportional as it does

intercept of zero (¢ = 0) and a relationship y = mx. not go through (0, 0). The y-intercept occurs at 16 m.
(1 mark)
Step 8: Use the equation for the line and substitutein | f s=1.7:+ 16
the value for z. Two s.f. are appropriate based on the =(1.7%x25)+ 16
readings from the graph. =58.5m (59 m to 2 s.f) (1 mark) }
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X Vour turn’

Students performed an experiment in which they connected a power supply across the primary coil of a
transformer. As the voltage (1) in volts (V) was increased, they recorded the current (/) in amperes (A)
passing through the resistor. Their results are shown in Table 5.

TABLE 5 Data obtained from the experiment

Voltage, V (V) 2.0 4.0 6.0 8.0 10.0
Current, I (A) 7.7 13.6 20.8 26.2 33.0
a Sketch a graph of the data with the independent variable on the x-axis. (3 marks)
b Calculate the gradient and state its units. (2 marks)
¢ Identify the y-intercept. (1 mark)
d Derive the equation for the line using symbols I”and I for the variables. (1 mark)
e Explain whether or not the graph is directly proportional. (1 mark)
f Determine the current at 9.0 V. (1 mark)
How do you graph non-linear relationships?
A non-linear relationship is not a straight line when graphed. The most common non-linear
relationships you will meet in physics are power, exponential and logarithmic relationships,
as outlined in Table 6.
TABLE 6 Examples of common non-linear relationships
Type of relationship Equation(s)
Power Y o< x4
e inverse (@a=-1): yoc xloryec %
e inverse-square (@ = —2): yoc x 2 0ryoc %
* square or parabolic (a = 2): y =< x?
* square root (@ = %): yo< x2 ory o< Vx
Exponential yo< et ory=y, e" (natural exponential)
where y, is the y-intercept, e is the “natural” base (2.718) and & is a constant
Logarithmic yoec 10¥
Power relationships
Inverse relationship Volume vs pressure
In an inverse relationship, y < x~! or 20
oc %, where the power a is —1. Consider _2001—+%
a case in which the volume of gas in E 150 \
a syringe is measured as the pressure g
on the syringe is increased by adding ;2 100
weights to the plunger. This is an inverse 50
relationship (also called an inversely 0 s
proportional relationship), shown in 0 50 100 150 200 250 300
Figure 4. Pressure (kPa)
FIGURE 4 Graph showing an inverse relationship
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Inverse-square relationship
In an inverse-square relationship, y o< x 2 or y o< %, where the
power a is —2. It looks similar to an inverse relationship but has
a much sharper bend. This type of relationship is very common
in physics. For example, the variation in gravitational force with
distance is given by F o< i
There is also the inverse-cube relationship, y o< x3 or y o< %,
where the power a is —3. This is not as common in physics,
but you may find it explains the relationship for force between
two magnets at certain distances. Figure 5 shows both the
inverse square (solid line), and the inverse cube (dashed line)

relationships, so you can see the inverse cube is sharper.

Square (parabolic) relationship

In a square or parabolic relationship, v «< x?, where the power
ais 2. It is the most common non-linear relationship you will
encounter, along with inverse. An example is the relationship
between the distance a rock has fallen from the top of a cliff and
the time elapsed. The data in Table 7 shows these variables and
Figure 6 shows a graph of the distance against the time.

TABLE 7 Parabolic data

Time, t(s) 0 1 2 3 4 5
Distance, s (m) 0 4 16 36 64 100

Other phenomena that exhibit parabolic relationships are
the paths of comets (except Halley’s Comet, which is elliptical),
and the shape of curved mirrors in telescopes and projectiles
(e.g. arrows in flight).

Square root relationship

In a square root relationship, y o< X2 or v o< x, where the power

ais % A square root relationship can be demonstrated by letting
a ball roll down a ramp. The speed at the bottom of the ramp, o,
varies with the square root of the height, %, of the ramp (v o< Vi),
as shown in Figure 7.

Exponential relationships

The exponential relationship is given by y = @*. The “natural”
exponential function is a version of this: y e " or y = y e*,
where the a value is e, the “natural” base (2.718), the symbol &

is a constant (—% for decay, +k for growth), and ¢ is time elapsed.
Physics has some quantities that are related exponentially. For
example, in a radioactive substance, the number of radioactive
atoms remaining follows natural exponential decay (as long as
the remaining number of atoms is large). The breakdown (decay)
of a radioactive substance is given by intensity I = e*. This is
shown in Figure 8.
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FIGURE 5 Graph showing inverse-square and
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FIGURE 7 Graph showing a square root relationship

Intensity vs time elapsed
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FIGURE 8 Graph showing a natural exponential decay
relationship
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Study tip

Make simple labelled
drawings of each
graph shape. This will
help you to identify
them quickly when
you plot your own
data or see them in
an exam. These can
also be found in the
summary at the end
of this module.

linearising

the process of
transforming
non-linear data

by applying a
mathematical function
to one of the variables
so that the relationship
between the variables
becomes closer to a
straight line.

Each type of
relationship has a
different method for
linearising. If the
linearised graph is
indeed linear, then

we can say that the
relationship has been
correctly identified.
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Logarithmic relationships 1020 Decibels vs intensity
In a logarithmic relationship, y o< 10* or 1000

x =log,, y. Let’s consider an example. _ /./.
When it is quiet in your laboratory, you @ 98.0

could hear a pin drop onto a bench from B 96.0

the other side of the room. The amount of % 040

energy released is very small, and human 3 //

hearing is very sensitive when things are 8 920 /

quiet. The human ear can also hear noise, 90.0-4 &

such as an explosion, that could be a 450

trillion (10'?) times louder. This is 0 2 4 6 8 10 12

impossible to capture meaningfully with a Sound intensity (mW)

uniform scale. The sensitivity of human
hearing is good for low power sounds but
reduced at high power, as shown in Figure 9. Sound intensity (y-axis) is in decibels (dB),

FIGURE 9 Graph showing a logarithmic relationship

which describes the relative intensity of a sound based on a logarithmic scale containing
values ranging from 0 to 194. So, the y-axis has intervals of 108, 10%° and so on.

How do you linearise a graph?

Even though a graph may have a particular shape, sometimes we cannot be sure of the exact
relationship between variables. For example, y o % and y o< % are very similar and therefore
hard to distinguish. The relationship could also be in between them, such as y o< % The
only way to tell is to plot them in the form of y = mx, where x is the not the original x-value
but the transformed value (e.g. x?). This is called linearising a graph.

Linearising inverse relationships

If you already have a straight-line relationship such as y e x, then a graph of y versus x is a
straight line. However, if you have y o %, then a graph of y versus x is non-linear. Let’s look at
this using the data in Table 8 and plotting y versus x. The graph of I/ versus P is non-linear
(Figure 10) and instead looks like a y o< % graph.

TABLE 8 Data obtained for change in pressure with volume that has a suspected inverse relationship

Pressure, P (kPa) x 1 2 3 4 5
Volume, V (mL) y 3.0 1.5 1.0 0.8 0.6

You can try to linearise the graph (“undo” the inverse) by Calculating% (‘Table 9) and
plot y versus % (Figure 11). If it is a straight line, then you have confirmed the relationship
oc % (which is /e % in this case). If the y o< %graph is still curved, then it may be a y o< %
relationship.

TABLE 9 Data obtained for change in pressure with volume after inverse transformation

Pressure, P (kPa) X 1 2 3 4 5
%(kPa") 1 1.00 0.50 0.33 0.25 0.20
Volume, V (mL) y 3.0 1.5 1.0 0.8 0.6
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FIGURE 10 The graph of V'vs P appears to show an
inverse relationship. FIGURE 11 The VV'vs % graph of the data gives a
straight line, so itis a y o< %relationship.

Linearising inverse-square relationships

Consider the force between two magnets at various distances (Table 10). The graphs of

y versus x and y versus 1

— are shown in Figure 12.
X

TABLE 10 Data obtained for force and distance between two magnets after inverse-square transformation

Distance (mm) X 0.5 1.0 2.0 3.0 4.0 5.0
Force (N) y 12.0 3.0 0.8 0.3 0.2 0.1
m (mm=2) % 4.00 1.00 0.25 0.11 0.06 0.04
A e B el
xZ

14.0 14.0

12.0 T 12.0

10.0 10.0
R i -
Z 80 < 30 /
5 \ :
g 6.0 g8 6.0
= \ 7

4.0 \ 4.0 /

20 \\ 2.0 /

0.0 o — 0.0 /
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Distance (mm) I (mm2)

distance?

FIGURE 12 (A) A y vs x graph of the data does not give a straight line. (B) The straight line indicates it is a y o< %

relationship.

A graph of y versus x is non-linear and looks more like a y o< % graph. However, a graph of
Y Versus % is a straight line, so this confirms itis a y e % relationship.
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Linearisation of parabolic relationships
Consider the data of a car accelerating from the traffic lights (Table 11).

TABLE 11 Data obtained for the speed of a car over time that has a suspected square relationship

Time (s) X 0 1 2 3 4 5
Speed (ms™) v 0 2 8 18 32 50

The graph of y versus x is shown in Figure 13A. It looks very much like a y o< x?
relationship. To confirm this, we would linearise the graph by calculating x> and plotting

yversus x> (Figure 13B).

A yss B | yvs?
60 60
50 50
40 40
w / w
% 30 A § 30
3 3 e
@ 20 /n’ & 20
; '/‘l/ 10 /
0 @9 0 1/

0 1 2 3 4 5 0 5 10 15 20 25
Time (s) Time squared (s2)

FIGURE 13 (A) The y vs x graph of the data does not give a straight line. (B) The straight line indicates it is a
v o< x? relationship.

Linearisation of exponential relationships

You will have met exponential relationships in the Unit 1 nuclear physics module. You will
not meet them in the external exam as they are not a part of the subject matter for Units 3
and 4. However, they are included here for completeness as you may find them necessary in
your student experiment or research investigation.

Radioactive substances decay in an exponential fashion, which means the rate of decrease
in the y value changes with the x value. The change in y starts off fast at a low value of x but
then decreases as x gets larger. Here is an example of a radioactive substance whose radiation
intensity was measured over a period of 14 days and plotted in the graph (Figure 14).

Excel suggests it is an exponential relationship by the base ¢ in the equation for the trendline.
If we now plot the natural logarithm (In) of intensity, we get a linearised graph (Figure 15).

yvsx In(y) vs x
4,500 8.40
830"

4,000 = ~ -
~ .. = 4151660049 z 820 . v =-0.049x + 8.3312
S . R2=0.9991 = 810 b R2=0.9991 —
~ 3,500 g = ...
z N 2 800 e
7] 7]
a . =] ‘.,
3 3,000 ey 8 7.90
E =] .

°. < .
E 780 "o,
2,500 . - -
e.. 7.70
N J
2,000 7.60
0 2 4 J g 0 12 14 16 0 2 4 6 8 10 12 14 16

Time, ¢ (days) Time, ¢ (days)

FIGURE 14 Graph of intensity vs time for a radioactive specimen FIGURE 15 Linearised graph of radioactive decay

We can see it is linear because the equation for the trendline is in the pattern y = mx + c.
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How can you infer data by extrapolation
and interpolation?

Extending and reading a graph beyond the last plotted point is called extrapolation.
Inferring a reading between plotted points is called interpolation. Although the data points
in Figure 16 are only at 0, 27Kk]J, 53k]J, 81k], 108kJ and 135k], you can extrapolate the
trendline past 135k] to 160Kk]J and read off the temperature as 66.5°C. You can also
interpolate the data to read off values between points. For example, at 100k], the temperature
is 51°C. This is commonly done in Physics questions.

Effect of heat added on temperature
70
65 - - e
Extrapolation to determine valuesI e
beyond the range of data points I~

60 3
55 o
o
3 50 .
E -7
B | 4
® 45 =
2 .-
g 40 7
= ey - )

35 rad Interpolation to determine values

e - between data points

30 42

25§~

20

0 20 40 60 80 100 120 140 160

Heat added (k])

FIGURE 16 The temperature of water vs the amount of heat energy added can be extrapolated or interpolated
to infer values.

How are error bars used to represent uncertainty?

The measurement uncertainty associated with a particular mean value can be easily displayed

on a graph using error bars. These are vertical or horizontal lines that are added to each data
point and represent the absolute uncertainty at that point. For example, an experiment is
carried out in which a ball is dropped from a height of 5.0m, and the displacement recorded
every 0.20s. This was then repeated two more times.

The graph in Figure 17A shows vertical error bars for the measurement of displacement
(y-axis). For most experiments, the uncertainty in the IV (x-axis) will be very low and can
be neglected. The trendline should be midway between the caps of the error bar. If you use

zero as the IV for the first trial, the average would be M = 0. The uncertainty using
X - X _.
the (’““24’““) formula would be (0_;0) = 0. This says there is no uncertainty. However,

there is still the scale reading uncertainty from the measuring instrument and that will be the
value of a half-scale division for an analogue device, or the resolution for a digital device. In
this experiment, a metre ruler graduated in 1 mm increments was used, so the uncertainty is
+0.5mm or £ 0.005m. This is too small to show up on the error bar for the (0, 0) point.

The graph in Figure 17B shows a graph of the velocity at each time interval, which was
calculated using the formula v = 29, = 2—; A trendline (red line) has been drawn and its
calculated gradient is 9.9 ms™. Two other trendlines — the maximum and the minimum

trendlines — have been added.
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extrapolation

the prediction of
values beyond the
range of data points by
extending the trendline

interpolation

the prediction of values
between data points
using a trendline

Study tip

Be careful not to
extrapolate too far
beyond the last point.
The further out you
go, the less valid

and less reliable the
estimate.
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maxinrllum The maximum trendline has the highest possible slope. It connects the bottom of the
:‘;:Z‘glt::t it of error bar of the first data point (0, 0) with the top of the error bar for the last data point
maximum gradient (10.9,1.00) but must not go beyond any of the error bars in between. It shows the maximum
within the bounds of gradient_

the error bars . . . .
The minimum trendline has the smallest possible slope. It connects the top of the

error bar of the first data point (0, 0) with the bottom of the error bar of the last data point
(8.9, 1.00), but must not go beyond any of the error bars in between. It shows the minimum

gradient.
B

Displacement vs time Velocity vs time
6.00 12.00
500 10.00
) o
= 4.00 v 8.00
: %E/ E
E &
3 3.00 ? 6.00
3z 3
% 2.00 § 4.00
a
1.00 2.00
0.00 T 0.00 6=
0.00 0.20 0.40 0.60 0.80 1.00 1.20 0.00 0.20 0.40 0.60 0.80 1.00 1.20
Time elapsed (s) Time elapsed (s)

FIGURE 17 (A) Vertical error bars show the zone of uncertainty for the displacement values. (B) Maximum and minimum trendlines can be
added to the graph to show the uncertainty in the gradient.

You can then calculate the maximum and minimum gradients using any part of these
trendlines. It is good practice that you use points spaced as widely apart as possible, otherwise

minid‘;‘_“m you may lose a mark in the external exam. Ideally, try to use the full line between the origin
trendline . « e e

a line of best fit of (0s) and 1.00s. Remember that the error bar on the (0, 0) point at the origin is too small to
minimum gradient be seen.

within the bounds of
the error bars

o : : : .. (109-0.00 _ 109 _ 2
The maximum trendline (yellow) gradient is .00 =0.00) = 1.00 = 10.9ms™.
e The minimum trendline (red) gradient is _89-00 __ 89 _g gy
(1.00 - 0.000 1.00 : ’

The uncertainty in the gradient is calculated using the following formula:
X — X .
6% — i ( max 2 mm)

4 (109-8.9
- 2

+1.0ms™?

This can also be expressed as percentage uncertainty:
5% =X x 100
o

_ 10
7 9.90

=10.1%

x 100

Thus, the gradient can be stated using absolute uncertainty as m = 9.9 £ 1.0ms=2. If using
percentage uncertainty, m = 9.9ms2+ 10%.

The gradient in this case is the experimental value for acceleration due to gravity of
9.9m s~ with a minimum of 8.9ms~ and a maximum of 10.9 ms™2. We could say that the
experiment was accurate, as the accepted value of 9.8 ms= is within our experimental range.
However, as the range is large, we could also say that there is a lot of uncertainty in the
measurements (a lack of precision, or that the data is “imprecise”) that detracts from the
result. It is thus better to rely on absolute and percentage error to determine accuracy.
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Check your learning 1.7

Retrieval and comprehension

1 Define the following terms: absolute uncertainty,
percentage uncertainty, precision, accuracy,
absolute error, percentage error. (6 marks)

2 A student obtained a value of 9.74 ms= for the
acceleration due to gravity. The accepted value is
9.81 ms= at that location. Calculate the
a absolute error (2 marks)

b percentage error. (2 marks)

3 The time for a cart to travel down an incline
of length 80.0 cm was measured in triplicate
and found to be 1.79s, 1.85s and 1.72s.
Calculate the
a mean value for the time (1 mark)

b absolute uncertainty (2 marks)
c percentage uncertainty. (2 marks)

4 A student carries out an investigation to measure
the time taken for 10 complete revolutions of a
ball swung in a horizontal circle. The following
values are obtained: 3.1s, 3.8s, 3.3s,4.1s and
3.4s. Calculate the absolute and percentage
uncertainty for one swing. (5 marks)

5 Explain whether it is usual to plot the
independent variable on the vertical axis or the
horizontal axis. (2 marks)

6 Define the following terms: anomaly, outlier,
relationship, trendline, line of best fit. (5 marks)

7 Explain what it means to “linearise” a
relationship. (2 marks)

8 Students obtained the relationship y o< x.
Explain whether there is any need to linearise it.
(1 mark)

Analytical processes

9 Compare “precision” and “accuracy”. (2 marks)

10 A digital ammeter shows the current in a
circuit to be 0.10A. Determine the percentage
uncertainty in the value of /2. (2 marks)

11 A Physics textbook measures 1.98 = 0.01 cm by
28.05 £ 0.05cm by 21.70 £ 0.05cm. Its mass is
1.205 £ 0.001 kg and it has 502 pages. Use these
measurements to determine (including the
percentage uncertainty of each result)

OXFORD UNIVERSITY PRESS
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Check your learning 1.7: Complete these questions online or in your workbook.

a the surface area of the front cover in m?

(4 marks)
b the total external surface area in m? (4 marks)
¢ the volume in m? (3 marks)
d the thickness of one page in mm (2 marks)
e the density in kgm™. (4 marks)
Two groups of students were measuring the
acceleration due to gravity by projecting a ball
from a measured height and timing how long it
took to reach the ground. Their results are shown
in the table.

Group  Height, s Time, t ()
(m) Trial 1 Trial2  Trial 3
A 0.50 0.37 0.44 0.50
B 2.00 0.75 0.87 0.94

13

14

To calculate the vertical acceleration, the students

2; I where s is drop height

used the formula a =
and ¢ is average time. The accepted value for g is
9.81ms™2.

For each group, use the average time to determine
the percentage uncertainty of the vertical
acceleration and the percentage error. (4 marks)
Deduce which of the following voltage
measurements is the more precise:

I, =0.55+£0.01Vor VV,=6.4%0.1V. (3 marks)

For the graphs shown, determine the graph that
best represents the following relationships.

a yis directly proportional to x. (1 mark)
b yis inversely proportional to x. (1 mark)
¢ yisindependent of x. (1 mark)

d yis proportional to x2. (1 mark)

A B C

Y Y Y
X X X

E F

Y v

X X X >
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< 15 a If W= kI, determine the effect on W of
i tripling IV (1 mark)
ii halving . (1 mark)
b Explain what a graph of W as a function of
IV would look like. (2 marks)
16 A plot of the variables F (vertical axis) and v
(horizontal axis) gave a curve in the shape of
y =< x2. Determine what you would need to plot
to linearise the data. (1 mark)
17 A car is rolling down a steep hill. The
displacement (s) in metres of the car at various
times ¢ (in seconds) is given in the table.

t(s) 0 2 4 6 8
s (m) 0 8 32 72 128

Graphs were drawn to show s vs 7 and s vs 2.

svst
140

120
100 //
80

60

40 (/
20 /

s (m)

140
120
100
80
60
40
20

s (m)

0
0 10 20 30 40 50 60 70
£ (s?)
Calculate the gradient and determine the
relationship between s and ¢. (2 marks)

Knowledge utilisation

18 Construct a graph of each set of data in
the following questions. For each, draw the
trendlines, linearise if non-linear and calculate
the gradient. (Note: the independent variable is
listed first.)
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a Force on a current-carrying wire vs current
applied (4 marks)

Current, / (A) 1.0 2.0 3.0 4.0
Force, F(N) 0.32 | 0.66 | 1.00 | 1.30

b Diameter vs circumference of a circular loop
of wire (4 marks)

Diameter of circle (cm) 0.0 4.0 8.0 12.0
Circumference of circle (cm) 0.0 | 12.5 | 254 | 37.3

19 Construct a conclusion about the validity and
reliability of an experiment that has a large
systematic error but a small random error, with
reference to accuracy and precision. (2 marks)

20 “I can’t linearise my data.” Discuss if this means
that your experiment was not valid. (3 marks)

21 The table shows data from an experiment where
force F and radial distance r are two related

variables.
Force, F(N) 72 48 24 18
Radial distance, r (m) 2 3 6 8

The data was plotted to give the graph shown.

a Predict the mathematical relationship
suggested by this graph. (1 mark)

b Sketch another graph to confirm your
prediction. (5 marks)

Fvsr

NOW A LN 0O
_®
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Lesson 1.8
Evaluating evidence

Key ideas

— Evidence is evaluated to determine its validity and reliability.
— Goodness of fit (R?) provides information about the precision of the data.
— Random and systematic errors can be identified by assessing the trendline of a graph.

— Not all secondary sources are reliable; they must be evaluated before use.

Science inquiry skills @

This lesson provides support for the following science inquiry skills: Learning intentions
e identify and implement strategies to manage risks, ethics and environmental impact, e.g. and success criteria
— acknowledgement of sources and referencing
* use data and reasoning to discuss and evaluate the validity and reliability of evidence, e.g.
— discuss ways in which measurement error, instrumental uncertainty, the nature of the
methodology or other factors influence uncertainty and limitations in the data

— evaluate information sources and compare ideas, information and opinions presented
within and between texts, considering aspects such as acceptance, bias, status,
appropriateness and reasonableness

— compare findings to theoretical models or expected values

e analyse data to identify trends, patterns and relationships; recognising error, uncertainty
and limitations of evidence

e appreciate the role of peer review in scientific research.
Source: Physics 2025 v1.2 General Senior Syllabus © State of Queensland (QCAA) 2024

D4{o s lelleicIRA Thislesson is available on Oxford Digital.

Lesson 1.9
Communicating scientifically

Key ideas

— Different communication conventions are used depending on the target audience.

— Evidence-based arguments bring together scientific ideas and primary and/or
secondary data obtained from scientific investigation.

— Sources can be acknowledged using in-text referencing and a bibliography.
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Science inquiry skills

1o
©

Learning intentions This lesson provides support for the following science inquiry skills:
and success criteria e select, synthesise and use evidence to construct scientific arguments and draw conclusions

e communicate to specific audiences and for specific purposes using appropriate language,
nomenclature, genres and modes

e acknowledge sources of information and use standard scientific referencing conventions.
Source: Physics 2025 v1.2 General Senior Syllabus © State of Queensland (QCAA) 2024

D4{0 s [elleIIRA Thislesson is available on Oxford Digital.

Lesson 1.10
Preparing for your data test

Key ideas

— The data test is an assessment task in which you respond to items using qualitative
data and/or quantitative data derived from practicals, activities or case studies.

— In your data test, you will apply your understanding, analyse data, and interpret
evidence.

@ Assessment objectives

o X This lesson provides support for achieving the assessment outcomes for the data test:
Learning intentions .. . . . . .
and success criteria Objective 2. Apply understanding of gravity and motion, or electromagnetism to given

algebraic, visual or graphical representations of scientific relationships and data to determine

unknown scientific quantities or features.

Objective 3. Analyse data about gravity and motion, or electromagnetism to identify trends,
patterns, relationships, limitations or uncertainty in datasets.

Objective 4. Interpret evidence about gravity and motion, or electromagnetism to draw
conclusions based on analysis of datasets.
Source: Adapted from Physics 2025 v1.2 General Senior Syllabus © State of Queensland (QCAA) 2024

Worked examples

This lesson is supported by the following Worked example:
¢ Worked example 1.10A Responding to the data test

(o 4{0yslelle[iCIRAM This lesson is available on Oxford Digital.
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Lesson 1.11
Conducting your student
experiment

Key ideas

— Your student experiment requires you to modify an experiment you have conducted in
Units 3 and 4 to address your own related hypothesis or question.

— You will research and plan your experiment, analyse, interpret and evaluate your
evidence, and communicate your findings.

Assessment objectives @

This lesson provides support for achieving the assessment outcomes for the student Learning intentions
experiment: and success criteria
Objective 1. Describe ideas and experimental findings about gravity and motion, or

electromagnetism.

Objective 2. Apply understanding of gravity and motion, or electromagnetism to modify

experimental methodologies and process data.

Objective 3. Analyse experimental data about gravity and motion, or electromagnetism.

Objective 4. Interpret experimental evidence about gravity and motion, or

electromagnetism.

Objective 5. Evaluate experimental processes and conclusions about gravity and motion, or

electromagnetism.

Objective 6. Investigate phenomena associated with gravity and motion, or

electromagnetism through an experiment..
Source: Adapted from Physics 2025 v1.2 General Senior Syllabus © State of Queensland (QCAA) 2024

(o4{0yslelle[iCIRAM This lesson is available on Oxford Digital.

Lesson 1.12
Conducting your research
investigation

Key ideas

— The research investigation is an assessment task in which students gather evidence
related to a research question to evaluate a claim in physics.
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Assessment objectives

This lesson provides support for achieving the assessment outcomes for the research
investigation:

Objective 1. Describe ideas and findings about special relativity, quantum theory or the
Standard Model.

Objective 2. Apply understanding of special relativity, quantum theory or the Standard Model.
Objective 3. Analyse data about special relativity, quantum theory or the Standard Model.
Objective 4. Interpret evidence about special relativity, quantum theory or the Standard Model.

Objective 5. Evaluate processes, claims and conclusions about special relativity, quantum
theory or the Standard Model.

Objective 6. Investigate phenomena associated with special relativity, quantum theory or the
Standard Model.
Source: Adapted from Physics 2025 v1.2 General Senior Syllabus © State of Queensland (QCAA) 2024

(o 4{0yslelle[iCIRM This lesson is available on Oxford Digital.

Lesson 1.13
Preparing for your exams

Key ideas

— Your external exam requires you to demonstrate your understanding of the QCE
Physics course by completing multiple-choice and short-answer questions.

— Exam questions are typically written using cognitive verbs, which tell you what
information you need to provide in your answer to the question.

Assessment objectives

This lesson provides support for achieving the assessment outcomes for the examination:
Objective 1. Describe ideas and findings about gravity and motion, electromagnetism,
special relativity, quantum theory and the Standard Model.

Objective 2. Apply understanding of gravity and motion, electromagnetism, special
relativity, quantum theory and the Standard Model.

Objective 3. Analyse data about gravity and motion, electromagnetism, special relativity,
quantum theory and the Standard Model.

Objective 4. Interpret evidence about gravity and motion, electromagnetism, special

relativity, quantum theory and the Standard Model.
Source: Adapted from Physics 2025 v1.2 General Senior Syllabus © State of Queensland (QCAA) 2024

(o 4{0yslelleliIRAM This lesson is available on Oxford Digital.
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Lesson 1.14
Review: Physics toolkit

Ssummary

4 .

1.7

e o

In QCE Physics, you will gain a variety of science understanding and inquiry skills that will help you
succeed in assessments, as a scientific professional, and as a science citizen.

First Nations peoples have longstanding scientific knowledge.

First Nations peoples have developed knowledge about the world by observing using all the senses,
predicting and hypothesising, testing (trial and error), and making generalisations within specific
contexts such as the use of food, natural materials, navigation and sustainability of the environment.
Correctly acknowledging cultural and/or language groups, rejecting deficit discourse, avoiding
Eurocentrism and critically evaluating sources of information can help you to respectfully engage with
First Nations perspectives in QCE Physics.

The scientific method is an iterative and cyclic process.

Research questions define the scope of an investigation. They can be used to develop hypotheses that
predict the outcome of the investigation.

A method outlines the steps followed in an experiment and lists all of the materials and equipment used.

Valid and reliable measurements can be obtained by carefully designing your investigation to collect
sufficient data and minimise errors.

All measurements include errors or uncertainties, either systematic or random. It is important to
consider these and implement strategies to minimise their effects when planning your experiments.
Laboratory safety is important to prevent harm to yourself and those sharing the lab space with you.
Safety and ethics extend beyond the lab; you should be considering the broader potential impacts of
your experiment.

Single experimental measurements are reported using best estimates, indicators of measurement
uncertainty and units.

Scientific notation is used to easily express extremely large or small values.

Significant figures are digits in a number that are known with certainty and the first digit that

is uncertain.

All measurements, information and observations should be recorded in your logbook.

Data is processed and analysed to identify trends, patterns, relationships, limitations and uncertainty.
Absolute and percentage uncertainty give an idea of the precision of measurements.

Absolute and percentage error give an idea of the accuracy of measurements.

Data can be summarised in a variety of ways, such as in a table, a scatterplot, or a scientific diagram.
Linearising data helps you to identify the exact relationship between variables.

Evidence is evaluated to determine its validity and reliability.

Goodness of fit (R?) provides information about the precision of the data.

Random and systematic errors can be identified by assessing the trendline of a graph.

Not all secondary sources are reliable; they must be evaluated before use.
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Different communication conventions are used depending on the target audience.

Evidence-based arguments bring together scientific ideas and primary and/or secondary data obtained
from scientific investigation.

Sources can be acknowledged using in-text referencing and a bibliography.

The data test is an assessment task in which you respond to items using qualitative data and/or
quantitative data derived from practicals, activities or case studies.

In your data test, you will apply your understanding, analyse data, and interpret evidence.

Your student experiment requires you to modify an experiment you have conducted in Units 3 and 4 to
address your own related hypothesis or question.

You will research and plan your experiment, analyse, interpret and evaluate your evidence, and
communicate your findings.

The research investigation is an assessment task in which students gather evidence related to a research
question to evaluate a claim in physics.

Your external exam requires you to demonstrate your understanding of the QCE Physics course by
completing multiple-choice and short-answer questions.

Exam questions are typically written using cognitive verbs, which tell you what information you need to
provide in your answer to the question.

Key formulas

Mean (best estimate of repeated single measurements) ¥= ZTX

Absolute uncertainty dx ==

Standard deviation o= z<x—917>2
i

Percentage uncertainty 8% = 2—’7 x 100
(o]
Absolute error E, =[x, —x,]
Percentage error o = La
E% = x_A x 100
Gradient m=
Ax
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Review questions 1.14A Multiple choice

(1 mark each)

1

Select the option that has the smallest magnitude.
A -1 x10?

B 1 x10?

C 10

D 100

Which one of the following is closest in area to
2.0m?*

A 200cm?

B 20,000cm?

C 2 x 10"mm?

D 200,000 mm?

Calculate the magnitude of the following to the

correct number of significant figures:
1.18cm X 3.1416 cm.

A 37 B 3.71

C 3.707 D 3.7071

Calculate the following and express in scientific
notation to the correct number of significant
figures: (2.0 x 102m) x (2.00 x 10~*m).

A 4.0x%x10"m

B 4.0 x 107"m?

C 4.00x 10"m

D 4.0 x 107?m?

Use scientific notation to express the number
0.000552.

A 552 %107

B 0.552 x 102

C 5.52x 10

D 5.52 x 1072

Use the correct scientific notation to express the
number 73,000,000.

A 0.73 x 108

B 7.3 x 107

C 73 x 10°

D 73 x (10%)?

The force acting on a 2.0cm length of wire in a
magnetic field was measured four times as 15.5 N,
16.0 N, 15.7 N and 15.9 N. Calculate the absolute
uncertainty of the mean.

A 0.1 B 0.3

C 05 D 15.8

OXFORD UNIVERSITY PRESS

8

Review questions: Complete these questions online or in your workbook.

The time for a ball to roll down an incline was
measured as 1.05s, 1.20s, 1.13s, 1.05s.

Calculate the percentage uncertainty of the mean.
A 0.075

B 1.11

C 6.8

D 7.2

An analogue thermometer has a resolution of 1°C.
The initial and final temperatures were measured
as 24.5°C and 54.0°C respectively. Calculate the
change in temperature including the absolute
uncertainty.

A 29 t0.5°C

B 29.5 %+ 0.5°C

C 29.5 % 1.0°C

D 30+ 1°C

10 In the analysis of a motion experiment, the

11

equation for the linear line of best fit was

v =5.0x + 2.5. The maximum line of best

fit was y = 6.5x, and the minimum line of best fit
was y = 4.8x + 3.0. Calculate the absolute
uncertainty of the gradient.

A 0.85 B 1.7
C 25 D 5.5
(xmax - xmin) .
The formula 6x = * — 5 s used to calculate

A absolute uncertainty.
B best estimate.
C absolute error.

D mean.

12 A rectangular loop of copper wire measures

13

20.0 £ 0.05mm by 30.0 £ 0.05mm. Calculate
the area of this loop.

A 600 % 0.0025 mm?

B 600 £ 0.10mm?

C 600 £ 0.42mm?

D 600 £ 2.5mm?

The cross-sectional area of a piece of nichrome
wire was 0.1 mm?. Calculate the area in square
metres.

A 1.0 x 107"m?
B 1.0 X 10 °m?
C 1.0 X 10*m?
D 1.0 X 102 m?
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Review questions 1.14B Short response

Review questions: Complete these questions online or in your workbook.

Retrieval and comprehension
14 Classify the following units as SI or non-SI:
metres, kilograms, gauss, kelvin. (1 mark)
15 In terms of the analysis of data
a explain the difference between significant
figures and scientific notation (2 marks)
b explain how a “systematic error” differs from a
“random error”. (2 marks)
16 Explain what is meant by “propagation of errors”
when performing a calculation. (3 marks)
17 Explain why it may be necessary to calculate
percentage error of a result rather than just leave it
as absolute error. (3 marks)

18 Identify the number of significant figures in each
number.

a 83.83 (1 mark)
b 20.0 (1 mark)
19 Use scientific notation to express each number.
a 0.000552 (1 mark)
b 58,000,000 (1 mark)

Analytical processes

20 Determine the reading and uncertainty of
the measurement on the ruler. The numbers
are centimetres and the small divisions are

millimetres. (2 marks)

21 Complete the following questions.
a Sketch a graph of the data given in the
table and draw a line of best fit. (Note: the
independent variable is listed first.) (3 marks)
Time, t (s) 00 | 20 40 | 6.0
Distance, s (m) 0.0 12 23 37

44 PHYSICS FOR QUEENSLAND UNITS 3 & 4

b For the line plotted on the graph
i calculate the gradient (1 mark)
ii determine the distance after 8.0s by
extrapolation (1 mark)
iii determine the distance after 3.0s by
interpolation. (1 mark)

22 An analogue voltmeter with a scale division of
0.1V reads 2.4V when placed across a resistor of
47Q 5 %.

a Determine the absolute uncertainty in the
voltage reading. (1 mark)

b If a calculation of %2 was made, calculate the
percentage uncertainty in the result. (2 marks)

23 German physicist Arnd Leike, from the University
of Munich, found that the decay of foam height in
beer with time was exponential: y o< %, where
v = height of the foam and x = time. He was
awarded an “Ig Nobel” Prize by the science
humour magazine Annals of Improbable Research for
one of the world’s most useless pieces of research.
Differentiate between the shapes of the graphs
when n = 3 (Leike’s result) and » = 2 (inverse
square). (2 marks)

Knowledge utilisation

24 An experiment using ball on a string was
conducted to test the effect of different
centripetal forces on the velocity of a ball swung
in a horizontal circle. The results are shown in
the table.

Force, F(N) 098 | 1.96 | 2.94 | 3.92 4.9
Velocity, v(ms™) 549 | 742 | 9.34 | 10.58 | 11.86
a Construct a graph, with force on the x-axis, to
show the relationship between velocity v, in
ms!, and the centripetal force Fin N. (3 marks)
b Describe the relationship between IF and v.
(1 mark)
¢ Construct a linearised graph to confirm the
relationship between F and v. (4 marks)
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25 As part of an investigation into motion of a falling 27 The following sets of data represent common

object, a tennis ball was dropped from various relationships in physics. Predict the relationship
heights as shown in the table. The heights were by graphical means for each dataset and confirm it
measured with a metre ruler marked in mm and where necessary by linearisation.
the uncertainty was considered insignificant. a Dataset 1 (4 marks)

Times for three trials were measured with a
X 0.50 1.70 2.10 3.60 7.00

stopwatch.
y 0.54 0.99 1.10 1.44 2.01
Height, Drop time, t (s)
(M Trial1  Trial2  Trial 3 b Dataset 2 (4 marks)
0.50 0.37 0.44 0.50 X 0 1.5 3.4 5.1 7
1.00 0.62 0.56 0.56 y 32 | 92 | 16.8 | 23.6  31.2
1.50 0.75 0.75 0.69

28 Students were investigating the swing of a
pendulum as a function of the length of the string.
Their results are shown in the table. The period is
the time for one complete swing.

2.00 0.75 0.87 0.94

a Calculate the mean (X), and the absolute
uncertainties of the mean for the times for each

height. (8 marks)

) ) Length, L (m) Period, T(s) + 0.15s

Construct a graph with height s on the T 078

horizontal axis, and the corresponding mean of 0'20 1'20
the times on the vertical axis. (3 marks) : :

o , 0.40 1.42

Construct a linearised graph by plotting vs on 0.60 190
the horizontal axis and ¢ on the vertical axis, ' '

. . . 0.80 2.04

including vertical error bars. (3 marks) 100 516

Determine the gradients of the maximum and 1'20 2'50
minimum trendlines and express these as an : .

1.40 2.67

absolute uncertainty of the gradient. (4 marks)
a Construct a graph with length on the

26 The following sets of data represent common ) : ; i )
horizontal axis and time on the vertical axis

relationships in physics. Predict the relationship

by graphical means for each dataset and confirm it and draw a trendline. (3 marks)

b Predict the relationship between 7 and L.
(1 mark)

¢ Construct a linearised graph to confirm the

where necessary by linearisation.

a Dataset 1 (4 marks)

X 1 2 3 5 6
y 2.00 1.10 0.67 0.41 0.33 d

relationship. (3 marks)

Determine the gradient of the trendline

(2 s.f.). (1 mark)

e Construct error bars on the graph and
determine the gradient of the maximum and

b Dataset 2 (4 marks)

X 1 2 4 6 8

y 3.00 0.75 0.19 0.08 0.05 the minimum trendlines. (3 marks)

f Express the gradient as a mean value
+ absolute uncertainty. (1 mark)

¢ Dataset 3 (4 marks)

X 0 2 3 5 7

y 0 20 45 125 245
Module 1 checklist: Physics toolkit
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Unit 3 overview

In Unit 3, students develop a deeper understanding of motion and its causes by using Newton's laws of motion
and the gravitational field model to analyse motion on inclined planes, and the motion of projectiles and satellites.
Field theories have enabled physicists to explain a vast array of natural phenomena and have contributed to the
development of technologies that have changed the world, including electrical power generation and distribution
systems, artificial satellites and modern communication systems. Students develop their understanding of field
theories of gravity and electromagnetism through investigations of motion and electromagnetic phenomena.
Finally, they investigate the production of electromagnetic waves.

Participation in a range of experiments and investigations will allow students to develop skills in relating
graphical representations of data to quantitative relationships between variables, using lines of force to represent
vector fields, and interpreting interactions in two and three dimensions.

Throughout the unit, students develop skills in planning and conducting investigations, interpreting results and
evaluating the validity of primary and secondary data, as well as the communication of these evaluations to others
in a range of formats.

Unit objectives

1 Describe ideas and findings about gravity and motion, and electromagnetism.

Apply understanding of gravity and motion, and electromagnetism.

Analyse data about gravity and motion, and electromagnetism.

Interpret evidence about gravity and motion, and electromagnetism.

Evaluate processes, claims and conclusions about gravity and motion, and electromagnetism.

o A WN

Investigate phenomena associated with gravity and motion, and electromagnetism.

Source: Physics 2025 v1.2 General Senior Syllabus © State of Queensland (QCAA) 2024

Unit 3 Topics

Topic Module
Topic 1 Gravity and motion Module 2 Vectors and projectile motion
Module 3  Inclined planes
Module 4  Circular motion
Module 5  Orbital mechanics
Topic 2 Electromagnetism Module 6  Electrostatics
Module 7 Magnetic fields i —

Module 8  Electromagnetic induction and radiation

OXFORD UNIVERSITY PRESS
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Vectors and

projectile motion

Introduction

Projectiles are objects thrown forwards. The word comes from the Latin “pro”
meaning “forwards” and “jacere” meaning “to throw”. Golf, javelin, archery and rifle
shooting all involve projectiles. So does a motorcyclist jumping a row of cars, a ballet
dancer leaping across the stage, and a rock thrown off a cliff. In this module, you will
learn to analyse the motion of projectiles using vectors in two dimensions.

Prior knowledge

Prior Check your understanding of concepts related to vectors and

knowledge . .
quiz projectile motion before you start.




Subject matter

Science understanding

Apply vector analysis to resolve a vector into two perpendicular components.

Solve vector problems by resolving vectors into components, adding or subtracting
the components and recombining them to determine the resultant vector.
Describe how horizontal and vertical components of a velocity vector are
independent of each other.

Solve problems involving projectile motion in the absence of drag effects using

v, = Uy + gl s, =t + %gtz, vj = uj +2gs, v, =u,ands = ut.

Interpret data relating to the horizontal distance travelled by an object projected at
various angles from the horizontal.

Science inquiry

— Investigate the horizontal distance travelled by an object projected at various angles

from the horizontal.
Source: Physics 2025 v1.2 General Senior Syllabus © State of Queensland (QCAA) 2024

Practicals

oxforddigital This lesson is available on Oxford Digital.

é Lesson 2.4 Angled projection and distance
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Learning intentions
and success criteria

vector

a variable quantity,
such as velocity,
force, or gravitational
field strength, that
has magnitude and
direction

Study tip

In external exams,
vector diagrams may
show vector symbols
in italics, such as

A =300, or with an
arrow above the
symbol, such as

A =300. Both
methods are correct.
You probably find it
hard to show italics
with handwriting, so
we have used both
methods here to
give you experience
with each.

50 PHYSICS FOR QUEENSLAND UNITS 3 & 4

Lesson 2.1
Working with vectors

Key ideas

— A vector has both magnitude and direction. It can be represented graphically or using
symbols or words.

— A vector can be resolved into two components at right angles.
— Vectors or their components can be added and subtracted.

— Vectors can be recombined to get a resultant vector.

What are vectors?

In Unit 2 we worked with scalar quantities, such as distance, speed and energy, which
just have magnitude. We also dealt with vector quantities such as displacement, velocity,
acceleration, force and momentum. These need both magnitude (e.g. 20ms™") and direction
(e.g. at 45° to the ground) to describe them fully.

The vectors you learnt to analyse in Unit 2 were in one dimension — for example, for
the displacement and velocity of an object falling vertically due to the gravitational force
from Earth. However, not all motion is straight down. The motion of a projectile such as
a basketball in flight, or a box sliding down an incline, has both vertical and horizontal
components. In Unit 3 we will use vectors to analyse forces and motion in two dimensions.
This includes vectors that describe the forces on, and motion of, objects, but also vectors that
describe the strength and direction of fields, such as gravitational fields, electric fields and
magnetic fields.

Vector analysis in two dimensions is hugely important in this unit and the groundwork
begins here. Some of the questions that puzzle students about vectors are:
¢ How can something at constant speed be accelerating?
e Can a vector have zero magnitude if one of its components is not zero?

e Does a negative vector mean something is slowing down or getting weaker?

How are vectors represented?

As stated before, a vector is a quantity that has both magnitude and direction. A vector
quantity can be represented graphically by an arrowed line segment, or symbolically by
accents such as a bold typeface, tildes or overhead arrows.

The list below gives four different ways of representing a vector quantity — in this case,
velocity. In this book we will use the first and third methods — arrowed line segments and
overhead arrows.

1 Arrowed line segment: v = S5ms~!

2 Bold (accent): v = 5ms™! to the right

3 Arrow (accent): ¥ = 5ms~! to the right
4 Tilde (accent): = 5ms~! to the right

When using an arrow to represent a vector, the length of the arrow is used to show the
magnitude. In this case, we are using the convention that “towards the right” or “up” are the
positive direction, and “towards the left” and “down” are negative (Figure 1).

OXFORD UNIVERSITY PRESS
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When vectors are not horizontal or vertical, angles need to be specified. Figure 2 shows how
the direction is indicated. The vector on the left is v = +14ms™" at 35° above the horizontal.
The vector on the right is © = 12ms™ to the left at 60° to the vertical.

+ +
A 14ms™! A
12ms!
60°
35°
- > - >+
—_— - T

v=+10ms' v=-5ms! v=-10ms™' v=+5ms" - -

FIGURE 1 Horizontal and vertical conventions for FIGURE 2 Vector direction can be represented at an angle to
representing vectors the horizontal or vertical.

Challenge

What does an odometer measure?

Does the odometer (kilometre counter) of a car measure a scalar quantity or a vector quantity? Make a
similar statement for the car’s speedometer. (2 marks)

Worked example 2.1A A

Describing vectors

\j

Identify the magnitude and direction of the vector shown in 40°
Figure 3. (2 marks)

F=18N

FIGURE 3 A vector pointing to the bottom
left represented by a vector diagram

T T e

Step 1: Look at the cognitive verb and mark allocation to determine what the | “Identify” means to recognise and state.

question is asking you to do. This question is worth 2 marks so we must
provide two features.

Step 2: Identify the magnitude of the vector, including the correct symbol, F = 18N (1 mark)

quantity and units. (1 mark for “Describes magnitude of the vector”)

Step 3: Recall that a vector has both magnitude and direction. Determine The direction is to the left and 40° below
the direction. (1 mark for “Identifies direction of the vector”) the horizontal. (1 mark)
Identify the magnitude and direction of the vector in Figure 4. A
(2 marks)
v=5ms"!
20°

FIGURE 4 A vector pointing to the bottom
right represented by a vector diagram
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component

(of a vector) the part of
a vector that acts in a
given direction

resolving
determining the
components of a
vector, usually at
right angles to each
other. Also called
“decomposition”.

horizontal
component of
velocity

the resolution of a
projectile’s velocity
in the horizontal
direction

vertical
component of
velocity

the resolution of a
projectile’s velocity in
the vertical direction

uo Campion Education (Aust) Pty Ltd on 13/08/2025 under licence.

How are vectors resolved into components?

As you have just seen, sometimes the vectors will not be horizontal or vertical but at an angle
to the horizontal. We can break up the vector into its components at right angles to each

other. It is then sometimes easier to apply the laws of physics to these components. This
process is called resolving the vector or “decomposition” of the vector. In maths, you may
use the “unit vectors” 7, j and & as components, but it is the same idea.

First, a reminder of the trigonometric ratios (Figure 5) that
we will need for our work with vectors.

. opposite
sinf = L
hypotenuse
adjacent
cosf = ]4
hypotenuse
opposite
tan @ = SPPOSTE
adjacent

Con_s)ider the diagram on the left in Figure 6. It shows a
vector A of magnitude 150 units (e.g. a velocity of 150ms™)
pointing to the right at an angle of 50° above the horizontal.
In the diagram on the right, this vector has been resolved

Hypotenuse

Opposite

Adjacent

FIGURE 5 A vector (the
hypotenuse) can be resolved into
components at right angles.

into two components at right angles — the horizontal component 0£ velocity and the
vertical component of velocity. In Figure 6, be aware that vector A has been fully replaced
by A_and A,. The vector is described by one or the other, but not both at the same time. This

is usually clear when you are doing these problems.

A

50° ]
A, =150 cos 50° = +96

FIGURE 6 Resolving a vector into two components at right angles

= 150 sin 50°
=+115

Using the trigonometric ratios, we can resolve vector A into its x- and y-components as

follows.

Horizontal (x) component:
adjacent
hypotenuse
adjacent = hypotenuse x cosd
=150 x cos 50°
= 96 units

cosfd =

Vertical (y) component:
opposite
hypotenuse
opposite = hypotenuse X siné
=150 x sin50°
= 115 units

sin@ =
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Worked example 2.1B

Resolving a velocity vector

A bullet is fired at a velocity of 660ms™! to the right (+) at an angle of 36.0° above the horizontal. Construct
a diagram showing the horizontal and vertical components and calculate their magnitudes. Give your
answer to an appropriate number of significant figures. (3 marks)

T

Step 1: Look at the cognitive verbs and mark allocation “Construct” means to display information in a diagrammatic

to determine what the question is asking you to do. or logical form, in this case to construct a vector diagram.
“Calculate” means to determine or find a number or answer by
using mathematical processes. We must identify the appropriate
formula and use it to find an answer.

Step 2: Construct a vector diagram by drawing the vector

arrow and then drawing a rectangle around it using the

vector as the diagonal. A double arrow is sometimes

used to identify the vector being resolved. (1 mark for u, = usin 0

“Constructs vector diagram correctly”) Vertical component

u_ =ucosb
X
Horizontal component

(1 mark)
Step 3: Label the horizontal and vertical components as | See the diagram for Step 2.
u_ and U, respectively.

Step 4: Calculate the magnitude of the horizontal u, = ucos
) ) ) _ _adjacent =660 X cos36°
component using trigonometry: | cos = hypotenuse)

. . . 534ms™ (3 s.f.) (1 mark
Give your answer to an appropriate number of significant ( ) ( )

figures, in this case 3 s.f.

Check that the answer has the correct units (ms™).
(1 mark for “Calculates the horizontal component
correctly”)

Step 5: Calculate the magnitude of the vertical u, = usin@
component using trigonometry. (1 mark for “Calculates = 660 X sin36°
the vertical component correctly”) =388ms™ (3 s.f.) (1 mark)

Your turn

A golf ball is struck off the ground at a velocity of 75ms™ to the right and an angle of 15° to the horizontal.
Construct a diagram showing the horizontal and vertical components of the initial velocity and calculate
their magnitudes. Give your answer to an appropriate number of significant figures. (3 marks)

Study tip
H ? During assessments

How are vectors resolved when they are negative: ot e dota

test and external
When a vector points in the negative direction, either horizontally (x-direction) or vertically exam) always check
(y-direction), the sign of that component must also be negative. By convention, “towards the It:?r: éZ;;::;C:;Ztor
left” (in the horizontal direction) and “down” (in the vertical direction) are usually negative, not radians! This can
as shown in Figure 7. be the difference

between a correct and

an incorrect answer.
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Ay =300 sin 35°
=+172

i

A, =300 cos 35° = -246

N
FIGURE 8 Vector A points in the negative x-direction
s0 its x-component is also negative.

FIGURE 7 Typical convention for vector directions

Consider a vector Z that has a magnitude of 300 units (Figure 8). It points to the left (—)
at an angle of 35° from the horizontal. Vector A has been resolved into horizontal and vertical
components. The vertical component Ay points upwards so it is positive. The horizontal
component A _points to the left so it is negative. The magnitudes of Ay and A _can be calculated
using trigonometric ratios. In the diagram, we see that Ay is +172 units and A_is —246 units.
This example uses the general term “units” rather than specifying any particular unit as we
will be using a variety of units throughout our work (m, ms™', ms=2, N, NC-!, T, and so on).

Worked example 2.1C

Resolving vectors
Resolve the vector shown in Figure 9. Calculate the magnitude of the vertical 315ms™!

and horizontal components. Give your answer to an appropriate number of
significant figures. (3 marks)

62.0°

FIGURE 9 A vector with its
magnitude and direction shown

Step 1: Look at the cognitive verb and mark allocation | “Calculate” means to determine or find a number or answer by

to determine what the question is asking you to do. using mathematical processes. We must identify the appropriate

formula and use it to find an answer.

Step 2: Construct a vector diagram by drawing the +
vector arrow and then drawing a rectangle around ﬂ‘_,u_ -:3i5n-13_1- I
it using the vector as the diagonal. Draw two vector \\\ '
arrows head to tail along two sides, starting at the tail AN '
of the original vector arrow. (1 mark for “Constructs 7, \\\ :
vector diagram showing vertical and horizontal N .
components”) \\\ .

620\

Yx (1 mark)

Step 3: Calculate the magnitude of the horizontal v = vcosl

component using trigonometry. (1 mark for 315 X cos 62.0°

—148ms™! (1 mark)

“Calculates the horizontal component™)

Step 4: Calculate the magnitude of the vertical v, = vsind
component. Give your answer to an appropriate =315 X sin 62.0°
number of significant figures, in this case 3 s.f. =278ms"' (1 mark)

(1 mark for “Calculates the horizontal component™)
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Your turn

Resolve the vector shown in Figure 10. Calculate the magnitude of the vertical
and horizontal components. Give your answer to an appropriate number of
significant figures. (3 marks)

35.0°

110ms™!

FIGURE 10 A vector with its
magnitude and direction shown

How are vectors combined?

You have seen how a vector can be resolved or decomposed into its component vectors, but
we can also do the reverse. You can combine (add or subtract) two or more vector quantities
to produce a single resultant vector. Vectors in a straight line (in one dimension) can be
combined, as you will recall from the linear motion module in Unit 2. Vectors at an angle to
each other (in two dimensions) can also be combined, as we do in this unit.

Adding vectors in one dimension (in a line)

Case 1: Vectors in the same direction

Consider you are in a boat that is rowed to the right at 16 ms™! relative to the water, and the
water is moving to the right relative to the ground at 9ms™'. Your velocity relative to the
ground is then 16 + 9 = 25ms™! to the right relative to the ground. This can be found by
drawing the two vector arrows head to tail. The resultant vector is a line drawn from the tail
of the first arrow to the head of the second arrow (Figure 11). A double arrowhead is
sometimes shown on the resultant.

- -

A B Draw head to tail
—_—t —— =
+16 +9 +16 +9
- -
A+ B

+25

FIGURE 11 Adding vectors by drawing them head to tail

Case 2: Vectors in opposite directions

Consider the same boat being rowed against the current. In this case, the velocity of the river
is 9ms™! to the left, or -9 ms™'. This is in the direction opposite to the velocity of the boat,
which is 16 ms™ to the right or +16 ms™. It will therefore slow the boat down (Figure 12).

- - - -
A B A B
_— 4+ = —P> + _-—
+16 -9 +16 -9
+16

e

—

+7 -9

- -

A+ B

FIGURE 12 Adding vectors in opposite direction

The resultant velocity is +16 + (=9) = +7ms™}, or 7ms™! to the right. Note that when we
add two vectors in the same line, the resultant is in the same direction as the larger vector.
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combine (vectors)
add two or more
vectors to determine
the resultant vector

resultant vector

a single vector that is a
combination of two or
more OthCI‘ vectors

Study tip

The resultant vector
is always drawn from
the tail of the first
vector (arrow) to the
head of the second.
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Study tip

Pythagoras’ theorem
states that ¢ = a2 + b?,
where cis the
hypotenuse, and a
and b are the other
sides of the right-
angled triangle.
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Subtracting vectors in one dimension (in a line)

It is not often that you have to subtract vectors. The most obvious case is when you calculate
a change in velocity, Av or v — u, where the delta symbol, A, means a change or difference.
When subtracting vectors in a line, you reverse the vector being subtracted to make it
negative, and then just add it to the other one. To draw this, you draw the two vectors head

to tail, but draw the negative vector in the opposite direction. You then draw the resultant

by drawing an arrow from the tail of the first arrow to the head of the second arrow. For
example, to subtract vector B from vector A4 (4 — B), we just reverse the direction of vector B
to make it —§, and then add it to Z to get;f + (—§) (Figure 13).

N
Reverse B and add

- - - -
A B A -B
+16 +9 +16 -9
+16
—_—
—
+7 -9
- >
A- B

FIGURE 13 Subtraction of vectors can be turned into addition.

Combining vectors in two dimensions (at right angles)

In Unit 2 you dealt with vectors in a line, but in Unit 3 you will extend that to vectors in two
dimensions — first at right angles, and in later lessons at any angle. Vectors will be combined
in a horizontal plane or in a vertical plane. The approach is the same.

Case 1: Combining vectors in two dimensions in a horizontal plane

Consider a motorboat travelling to the right at 4ms™' across a river whose current is flowing
down at 3ms™, as shown in Figure 14A. The boat would be dragged off course by the current
and its resultant velocity would be 5ms™ at an angle down the river. In a vector diagram, the
two vectors are added head to tail, and the resultant is a line drawn from the tail of the first
arrow to the head of the second arrow (Figure 14B).

'

Boat

Uriver
3ms'S

Resultant
5ms!
Riverl Angle 6 = 53° to the river

FIGURE 14 A practical example of adding vectors at right angles

The resultant velocity is found in two parts — the magnitude (5ms™) and the direction (53
to the direction of river flow), as follows.
1 Magnitude. Because the initial vectors for the boat and river are at right angles (right
and down), Pythagoras’ theorem can be used:

Resultant = V42 + 32
=V25

=5ms™!
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2 Direction. Because the two vectors and the resultant form a right-angled triangle,
trigonometry can be used:

tan = opposite
adjacent
_4
3
_ 14
60 =tan (3)
=53°

This vector-analysis technique can be applied in the vertical plane as well.

Case 2: Combining vectors in two dimensions in a vertical plane

Consider a golf ball that is struck (Figure 15) and eventually lands back on the ground.
Its final velocity as it strikes the ground is often called its impact velocity. Upon impact, it
has two velocity vectors, v_(in the horizontal or x-direction) and v, (in the vertical or
y-direction). The two vectors are combined (added) to get the resultant velocity (Figure 16).

Impact
velocity

0

FIGURE 15 A golf ball is hit off the tee with a driver.
The ball has vertical and horizontal components of
motion after it is hit and also when it lands.

Its resultant impact velocity is a combination of the
horizontal (v) and vertical @) impact velocities.

Worked example 2.1D

Adding vectors in the vertical plane

\

-1
A ball makes impact with the ground with a horizontal 30ms

velocity of 3.0ms™ and a vertical velocity of 4.0ms™,

as shown in Figure 17.

a Construct a diagram showing the horizontal 40ms™
and vertical components of the velocity, and the

resultant vector. (1 mark)

b Calculate the magnitude and direction of the
resultant impact velocity. Give your answer to
an appropriate number of significant figures.
(3 marks)

FIGURE 17 Vector diagram for a ball
at impact with the ground

>
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FIGURE 16 A projectile strikes the ground at an angle.

impact velocity
the velocity of a
projectile as it strikes
the ground; the
magnitude of impact
velocity is impact speed

Study tip

Horizontal velocities

are labelled u and v,.
Vertical velocities are
labelled u, and v,
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L T,

Step 1: Look at the cognitive verbs and mark allocation
to determine what the questions are asking you to do.

Step 2: Construct a vector diagram by drawing the
vector arrow and then drawing a rectangle around
it using the vector as the diagonal. Draw two vector

arrows head to tail along two sides, starting at the tail
of the original vector arrow. (1 mark for “Constructs

vector diagram correctly showing resultant vector™)

Step 3: Calculate the magnitude of the resultant vector.

This can be found using Pythagoras’ theorem:

2 =a?+ b
c=Va*+b?

(1 mark for “Provides appropriate mathematical
reasoning”)

Step 4: Calculate the direction. This is given by the
angle, 6, that the resultant vector makes with the
ground. Use trigonometry to do this. (1 mark for
“Calculates the angle correctly”)

Step 5: State the magnitude and direction using the
correct units. Give your answer to an appropriate
number of significant figures, in this case 2 s.f.

(1 mark for “Provides correct answer™)

Your turn

“Construct” means to display information in a diagrammatic
or logical form — in this case to construct a vector diagram.
“Calculate” means to determine or find a number or answer by
using mathematical processes. We must identify the appropriate
formula and use it to find an answer.

a
Resultant is the
v, 'Z)X vector sum
+ - = sgmel
4.0ms™! 3.0ms 2, 8ms
ko
X
(1 mark)
b Resultant impact velocity = V3% + 52
=34
=5.8ms™! (1 mark)
_ opposite
tand = adjacent
-5
-3
— tap -1 i)
6 = tan (3

= 59° to the horizontal (1 mark)
2 =5.8ms™! at 59° to the horizontal (1 mark)

A rock is thrown off a cliff and lands on the ground below with a horizontal velocity of 9.0ms™ and a vertical

velocity of 3.0ms™".

a Construct a diagram showing the horizontal and vertical components of the velocity, and the resultant

vector. (1 mark)

b Calculate the magnitude and direction of the resultant impact velocity. Give your answer to an
appropriate number of significant figures. (3 marks)

Study tip

In Worked

example 2.1D, if you
were asked to find the
angle with respect to
the vertical, it would
just be 90° - ¢; that is,
90° - 59°, which gives
you 31° to the vertical.
Take note of what
you are asked in the
question.

Challenge

As the crow flies
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You plan a trip from one town to another by drawing a straight line between them on a
map app. Is that always the quickest way there? (1 mark)
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Check your learning 2.1

Check your learning 2.1: Complete these questions online or in your workbook.

Retrieval and comprehension 6 A football is kicked to the right at a speed of
1 Recall the difference between a vector quantity 26.6ms™" and the horizontal component is
and a scalar quantity. (1 mark) measured as 25.0ms™'. Determine the vertical

component of its speed and the angle above the
horizontal (3 s.f.). (3 marks)

2 Calculate the resultant velocity (magnitude
and direction) for a ball with a horizontal

component of 20.0ms™" to the right and a 7 Deduce the angle above the horizontal of the
vertical component of 40.0m s~ downwards velocity vector that would produce a vertical
(3 s5.f). (3 marks) component of velocity that is twice its horizontal

3 An arrow is fired to the left at an angle of 25.0° component. Give your answer to the nearest

to the horizontal and a speed of 46.0ms™. whole number. (3 marks)

Calculate its horizontal and vertical components Knowledge utilisation
(3 s.f.). (3 marks)

8 Vector A has a magnitude of 100 units
and is directed upwards towards the left at
15° from the vertical. Prove that the x and y
components are approximately 97 and 26 units
respectively. (3 marks)

9 Vector 4 has a magnitude of 100 units and points
towards the left 45° above the horizontal. Vector B
is twice the length and points towards the right at
45° above the horizontal. Prove that when these
two vectors are added, the resultant is 224 units
at an angle of 72° above the horizontal pointing
towards the right. (5 marks)

10 Evaluate the following statement: “For a velocity

4 . . .
4 A 10.0ms™ horizontal velocity vector is vector at an angle above the horizontal of 45°,

represented by an arrow 2.0 cm long and pointing
to the right. Sketch and label the vector that
would represent a ball projected vertically
upwards at 5.0ms™! (2 s.f.). (2 marks)

the horizontal and vertical components of any
velocity are equal.” (2 marks)
11 Assess whether the following statement is true:
“When the angle of elevation of a velocity vector
Analytical processes above the horizontal is doubled, the vertical

5 A ball strikes the ground with a resultant velocity component of the velocity is doubled.”

of magnitude 150 ms™. It is known that the (2 marks)
horizontal component of the velocity is 62m s 12 A vector has only an x-component and a
to the right. Determine the vertical component y-component. Identify whether the x- or
and the angle of impact relative to the ground. y-component can be greater than the magnitude
(3 marks) of the resultant vector. Explain your answer.
(2 marks)
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Lesson 2.2
Horizontal projection

Key ideas

— The velocity vector of a projectile can be resolved into horizontal and vertical
components.

— The horizontal and vertical components of the velocity vector are independent of each
other.

— The horizontal component of velocity is constant; only the vertical component changes.

@ What types of projectile motion are there?

Learning intentions Projectile motion can be divided into two types: horizontal projection and projection at an

and success criteria angle, as shown in Figure 1. You can see each projectile has a different path or trajectory
(from the Latin “trajectus” meaning “crossing” or “passage”). In both cases air resistance is

:;::;jtc;?;in bya assumed to be negligible. However, air can have a dramatic effect on the trajectory of

projectile in flight projectiles. We will consider projection without air first and then discuss the effect of
projection through a fluid (such as air) later.

FIGURE 1 Horizontal projection and projection at an angle

FIGURE 2 The iconic closing scene from the film Thelma and Louise shows a car as a horizontal projectile with a
hubcap just coming off. Which will reach the ground first — the car or the detached hubcap — and why?
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What is free-fall acceleration?

If you drop a rock, it will accelerate downwards at 9.8 ms= provided that no other

external forces such as air resistance interfere with its motion. This is called its free-fall

acceleration.

On Earth, the acceleration due to the force of gravity, g, is equal to 9.8 ms~2, with slight
variations from location to location. The value of acceleration due to gravity on other
astronomical bodies depends largely on the mass of the astronomical body. Some examples
are shown in Table 1. This information is used in later modules.

TABLE 1 Mass and free-fall acceleration

Free-fall acceleration
(ms2) at the surface

Astronomical body

Moon 1.6
Mars 3.7

Earth 9.8
Jupiter 24.8
Sun 274.4

free-fall
acceleration

the acceleration of a
body falling freely in a
vacuum near the surface
of an astronomical

body in the local
gravitational field

What are the conventions for analysing motion?

Before you analyse the motion, you need to specify the symbols for various quantities. You

will use the convention that the upwards direction is positive (+) and downwards is negative (—),

and in the horizontal direction to the right is positive (+) and to the left is negative (-).

* s is the displacement in the horizontal (x) direction (also called the range).

© s, is the displacement at impact in the vertical (y) direction.

* u_is the initial velocity in the horizontal (x) direction.
* o_is the final velocity in the horizontal (x) direction.
* u,is the initial velocity in the vertical (y) direction.

* v is the final velocity in the vertical () direction.

e gis the acceleration due to gravity (—9.8ms™2).
Horizontal projection is the simplest trajectory to
analyse. An example is a rock thrown straight out off a
cliff. There is no net force on the rock in the horizontal
(x) direction to cause acceleration, so the final velocity
equals the initial velocity (v, = u ). In the vertical
direction, the initial vertical velocity equals zero

(uy = 0) but increases as time passes as the rock
accelerates downwards due to gravity.

A graph of vertical displacement (s,) versus horizontal
range (s ) of two balls in free-fall shows this clearly
(Figure 3). The graph depicts the balls at equal time
intervals of 0.1s and shows that the balls fall a greater
distance each time interval. It also shows that the balls
fall at the same rate whether they are dropped (red ball)
or projected horizontally (blue ball). Note that the blue
ball moves the same distance horizontally every time
interval because it is moving at constant speed in that
direction.

OXFORD UNIVERSITY PRESS

range
the horizontal
displacement of a
projectile from launch
to impact
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FIGURE 3 The positions of two balls in free-fall each
second
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The vertical and horizontal components of velocity vectors are

Study tip

It may help you
understand that the
vertical and horizontal
components of the
velocity vectors are
independent of each
other by making a
video of two balls
being released
simultaneously: one
free-falling vertically,
and the other

projected horizontally.

independent of each other

We can represent the vertical and horizontal components of the velocity of the blue ball using

vector arrows, as shown in Figure 4. The vector arrows for the horizontal velocity, v, are the
same length throughout the motion. The arrows for the vertical velocity, v, get longer over
the ball’s motion. The vertical and horizontal components of the velocity vectors are
independent of each other. That is, the horizontal component stays constant in magnitude
and direction whereas the vertical component changes.

Ground

FIGURE 4 Vector arrows showing changes in the vertical and horizontal components of velocity of a projectile

Formulas for horizontal motion

In the horizontal direction, the acceleration (a) is zero, so the appropriate formulas for

velocity and displacement are:
i v =u_+ at (where acceleration, a = 0)
v =u
X X
s = us+ tar (where acceleration, a = 0)
x x 2

S =ut
X X

Formulas for vertical motion

In the vertical direction, an object will accelerate downwards. If it is given no initial

downwards velocity, then it will start at rest in the vertical direction (uy =0), and its

acceleration (g) will be —9.8 ms™. The
appropriate formulas for velocity and
displacement are:

v, =u, + gl

vyz_: uyz -i—1 2gzsy

s, = ut+5gt

Remember that the time taken in the
vertical direction is the same as the time taken
in the horizontal direction. The object doesn’t
split in two and have two different times.
That’s why you can just use ¢ for time in both
directions.
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FIGURE 5 The impact velocity of a long jumper
is the combination of the vertical and horizontal

components of velocity.
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Worked example 2.2A

Calculating horizontal displacement for a projectile

A golf ball is projected horizontally off a cliff at 20.0ms™' and it takes 4.0's to reach the ground. Calculate
how far out from the base of the cliff the ball will land. Give your answer to an appropriate number of
significant figures. (2 marks)

Step 1: Look at the cognitive verb and mark allocation to “Calculate” means to determine or find a number or

determine what the question is asking you to do. answer by using mathematical processes. We must identify

the appropriate formula and use it to find an answer.

Step 2: Identify the appropriate formula and gather the u,=v =20.0ms", z=4.0s
relevant data. Find s..
s, = ut
Step 3: Substitute in the known values. (1 mark for so=ult
“Demonstrates correct substitution™) =20.0 X 4.0 (1 mark)
=80.0
Step 4: Give your answer to an appropriate number of s =80m (1 mark)

significant figures, in this case 2 s.f. Use the correct units.
(1 mark for “Provides correct answer”)

Your turn

A pot plant is thrown horizontally out of a third-floor window at a speed of 18 ms~, and it takes 1.2s to strike
the ground below. Calculate how far out from the base of the building the pot plant lands. Give your answer
to an appropriate number of significant figures. (2 marks)

Worked example 2.2B

Calculating vertical velocity and displacement

For the golf ball in Worked example 2.2A, calculate (to an appropriate number of significant figures)

a the final (impact) velocity in the vertical direction (2 marks)

b the height of the cliff. (3 marks)

T T,
Step 1: Look at the cognitive verb and mark allocation to “Calculate” means to determine or find a number or

determine what the question is asking you to do. answer by using mathematical processes. We must
identify the appropriate formula and use it to find an

answer.
Step 2: Gather the relevant data from the question. u =20.0ms™, u, = Oms™,
t=4.0s,g=-9.8ms>
Step 3: Identify the quantities to be calculated. V8,
Step 4: Select the correct formula and substitute in the known a o =ut+g
values. Recall that g is directed downwards so it is negative. =0+ -9.8 x4.0 (1 mark)
(1 mark for “Demonstrates correct substitution™) }
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Step 5: Perform the calculation and state the answer with the v, = -39.2ms™!
correct sign and units. Give your answer to an appropriate The impact velocity is 39ms™" in the downwards
number of significant figures, in this case 2 s.f. direction (2 s.f.). (1 mark)

(1 mark for “Calculates the answer correctly’)

Step 6: Select the correct formula and substitute in the known b s, =ur+ % or?
values. Recall that gis directed downwards so it is negative. ' ' )
(1 mark for “Correctly substitutes values”) =0x4.0+5x-9.8x 4.0? (1 mark)
Step 7: Perform the calculation and state the answer with the s, =—78m (1 mark)

correct sign and units. Give your answer to an appropriate

number of significant figures, in this case 2 s.f.

(1 mark for “Calculates the displacement”)

Step 8: The question asks for the height of the cliff, which h="178m (2 s.f.) (1 mark)

is a scalar quantity and has no direction, rather than the

displacement, which is a vector quantity and has direction (+/-).

The displacement is =78 m (to 2 s.f.), so the cliff is 78 m high.

(1 mark for “Provides correct answer”)

A rock is thrown horizontally off a cliff at a speed of 18 ms™!, and it crashes into the rocks below after 3.5
have elapsed. Calculate (to an appropriate number of significant figures)

a the final (impact) velocity in the vertical direction (2 marks)

b the height of the cliff. (3 marks)

How is the resultant velocity on impact determined?

So far you have calculated the vertical and horizontal components of the velocity of a golf
ball when it lands on the ground. This is the final, or impact, velocity. You need to combine
these vectors to determine the resultant vector using some of the techniques you learnt in
Lesson 2.1. We see it here in this Worked example 2.2C.

Worked example 2.2C

Calculating the resultant velocity of a projectile

A golf ball is projected horizontally off a cliff, and when it strikes the ground at the base of the cliff it has a

final velocity in the vertical direction of 39.2ms™' downwards, and a final velocity in the horizontal direction

of 20.0ms™! to the right. Calculate the magnitude and direction of the resultant velocity. Give your answer

to an appropriate number of significant figures. (4 marks)

T T,
Step 1: Look at the cognitive verb and mark allocation | “Calculate” means to determine or find a number or answer

to determine what the question is asking you to do. by using mathematical processes. We must identify the
appropriate formula and use it to find an answer.

Step 2: Gather the relevant facts from the question. o, =20.0ms™, v, = -39.2ms™!
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Step 3: Draw a vector diagram by placing the
horizontal and vertical vectors head to tail and then
draw the resultant vector. (1 mark for “Constructs

vector diagram to find resultant™)

Step 4: Calculate the magnitude of the resultant vector
using Pythagoras’ theorem. (1 mark for “Provides

appropriate mathematical reasoning™)

Step 5: Mark the angle 8 between the resultant vector
and the horizontal vector. Calculate the value of 6.
(1 mark for “Calculates the angle”)

Step 6: State the answer, including the magnitude
and direction of the resultant. Make sure you use the
correct units. Give your answer to an appropriate
number of significant figures, in this case 2 s.f.

(1 mark for “Provides correct answer”)

Your turn

Resultant is the

v, vy vy vector sum
392ms™ |t T T T 30, 44ms!
vx
(1 mark)
c=Va*+b*
Resultant = ¥39.22 + 20.02
=+1,937
= 44.0 (1 mark)
— ~139.2
0 = tan™' 5575
=tan! 1.96

= 63.0° (1 mark)

The impact velocity is 44ms™! at 63° to the horizontal.

(1 mark for full description)

An arrow is fired horizontally from a shoulder height of 1.50m at a speed of 55.0ms~!. When it strikes the
ground 30m away, it has a horizontal component of velocity of 55.0ms™! and a vertical component of velocity
of =5.42ms™!'. Calculate its resultant velocity on impact. Give your answer to an appropriate number of

significant figures. (4 marks)

How are the vertical and horizontal components

of motion linked?

Projectile questions will not always be straightforward. You will be given different quantities,
and it will require critical thinking to solve problems with the data. Worked example 2.2D

shows you some more-complicated situations.

Worked example 2.2D

Calculating impact velocity for horizontal projection

A rock is thrown horizontally at a speed of 35ms™!

off a cliff 75 m high. Determine the rock’s velocity when

it impacts the ground below. Give your answer to an appropriate number of significant figures. (6 marks)

I T B

Step 1: Look at the cognitive verb and mark allocation to determine what

the question is asking you to do.

OXFORD UNIVERSITY PRESS

“Determine” means to establish after a
calculation. We must identify the appropriate
formula and use it to find an answer. >
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Step 2: Gather the relevant information from the question. The vertical u, =35ms’, u,=0 ms,
displacement of the rock when it hits the ground is in the negative (downwards) = ¢= —9.8ms2, s, = —-75m
direction, so the displacement, which is a vector quantity, is —75m.

Make sure you include the sign, and do not just use the height of 75 m.

Step 3: Identify what quantity you have to find. You need to find the final velocity, v.
Step 4: To determine the final velocity, you need the final horizontal velocity | v = u,

and the final vertical velocity. First, determine the final horizontal velocity. =35ms~' (1 mark)
The horizontal velocity is constant, so the final horizontal velocity equals

the initial horizontal velocity. State this value and its units. (1 mark for

“Identifies the equivalence of final and initial horizontal velocities™)

Step 5: To find the final vertical velocity, you need to select the correct vy2 = uy2 + 2gsy

formula to solve for v, using the other given information.

Step 6: Substitute in the known values and solve for v,. (1 mark for v2=0%2+2%x-9.8%x =75
y

“Demonstrates correct substitution”) Note: you may prefer to rearrange the | 42 = 1,470

equation first to make v, the subject before making the substitutions. One v, = 1,470

less step can help avoid transcription errors. = +38.34ms"' (1 mark)

Step 7: Determine the correct value for v,. The square root of a number can | v = —38.34ms!
be either positive or negative depending on the conventions. As downwards

is the negative direction, the vertical velocity must also be negative. Write

this value down.

Step 8: Draw the two vectors as directed line segments (arrows).

k%

-1 Yy
38.34ms +

35ms~!

Step 9: Place the two vectors head to tail. Draw a resultant vector from the
Resultant is the

vector sum

51.9ms!

tail of one to the head of the other, with a double arrowhead. (1 mark for

“Constructs vector diagram”) y

(1 mark)
Step 10: Calculate the length of the resultant vector using Pythagoras’ c=va? + b2
theorem. (1 mark for “Provides appropriate mathematical reasoning”) Resultant = V38.342 + 352

=+2,695
=51.9m s™! (1 mark)

Step 11: Determine the angle between the resultant and the horizontal using | g = tan—l%

=tan"!' 1.095
= 47.6° (1 mark)

Step 12: State the magnitude and direction of the resultant vector using the The impact velocity is 52ms™! at 48°

trigonometry. (1 mark for “Determines the angle correctly”)

correct units. Give your answer to an appropriate number of significant figures, | (above the horizontal) (2 s.f.). (1 mark)
in this case 2 s.f. You don’t need to specify that the angle is above the horizontal
if it is clear in your vector diagram. (1 mark for “Provides correct answer”)

Your turn

A ball is kicked horizontally off a 100.0 m high cliff at a speed of 10.0ms™"'. Determine the velocity on
impact with the ground. Give your answer to an appropriate number of significant figures. (6 marks)
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What do graphs of horizontal .
. . . )
projectile motion show? w
" 50
=
. . o
Graphs are an important way to show the various E 40
relationships involved in projectile motion. Here we g
will look at the graphs for horizontal projection. § 30
The most useful graphs are plots of the horizontal g 20
and vertical components of displacement and velocity §
for an object projected horizontally. First, we can look = 10
at displacement. 0
0 2 3 4 5
Time, t(s)

Displacement-time graphs

Consider a ball kicked horizontally at a speed of FIGURE 6 The horizontal displacement of the ball increases regularly

10ms' off a cliff 100m high. As the ball moves with time.

away from the cliff it will start to fall towards the

ground. The horizontal displacement will increase 04—

by 10m every second. This will be a constant =

10m every second as there are no net forces in the % 20

horizontal direction to cause it to speed up or slow ,; 40 <

down (Newton’s first law). In the vertical direction, g '\

the ball will also have an increasing displacement, g 60

but the increase won’t be regular because it is § 80

accelerating. This is shown in the two graphs in G

Figures 6 and 7. E ~100 \\
In Figure 6, the displacement—time graph for -120 o

horizontal motion, shows a regular increase. We

know that the gradient of a displacement—time 140 0 5 3 ) B

graph is velocity. The gradient of this graph is Time, ¢ (s)

10ms!, which is the horizontal component of the
’ p FIGURE 7 The vertical displacement of the ball does not increase

ball’s velocity. regularly. The displacement—time graph shows a line that is getting more
In Figure 7, the displacement—time graph for curved as time goes by.

vertical motion, you can see the displacement is in

the negative direction, which is consistent with the “negative is down” convention we have

chosen. The graph curves more over time because the ball is accelerating downwards due to

gravity. The gradient is not constant but gets steeper as time progresses. The instantaneous

velocity at any point is the gradient of the tangent to the curve at that point; this is also

negative and gets steeper over time.

Velocity-time graphs

We have analysed displacement—time graphs to draw conclusions about the horizontal and
vertical velocity of a ball. This tells us what the velocity—time graphs should look like for the
horizontal and vertical components of motion of the ball.

The horizontal velocity is constant at 10ms~'. The gradient of the velocity—time graph
(Figure 8) represents the acceleration. As there is no change in horizontal velocity, there is no
acceleration in the horizontal direction and the graph is a horizontal line (i.e. a = Oms™). The
area under the graph is the horizontal displacement after 5s (10 x 5 = 50m).

The vertical velocity increases in the negative direction by 9.8 ms™! every second. The
gradient of the velocity—time graph (Figure 9) represents the acceleration, a = —9.8 ms™2, as

you would expect for vertical motion. The area under the curve is the vertical displacement
after 5s (about —125m).
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This is the acceleration due to gravity, g.

—_
|58}

x
—_
(=)

Horizontal velocity, v_ (m s_l)
(o))

FIGURE 8 Velocity—time graph in the horizontal direction

Analysing height and range data for a projectile

3
Time, t(s)
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o
o

-10.0

y

-20.0

-30.0

-40.0

Vertical velocity, v (m s_l)

-50.0

-60.0

2 3 4
Time, t(s)

FIGURE 9 Velocity—time graph in the vertical direction

Science inquiry skills: Processing and analysing data (Lesson 1.7)

Being able to analyse data to identify trends is a key part of

experimental physics.

A ball is projected horizontally at constant speed from different
heights s, above the floor, and its horizontal range s_is measured

(Figure 10).

The results are given in Table 2.

TABLE 2 Data for the “range versus height” experiment

Vertical height,
s, (m)
0.10
0.20
0.40
0.60
0.80
1.00

Practise your skills

Trial 1
0.19
0.23
0.33
0.42
0.47
0.57

0.18
0.25
0.34
0.42
0.48
0.54

Trial 3

0.17
0.24
0.35
0.42
0.48
0.52

Horizontal range, s, (m)
Trial 2

Average
0.18
0.24
0.34
0.42
0.48
0.54

Sx

FIGURE 10 Setup for the “range
versus height” experiment

Horizontal range squared,
sxz (m?)
0.03
0.06
0.12
0.18
0.23
0.30

1 Determine the percentage uncertainty in the horizontal range for a vertical height of 1.00m (1 s.f.).

(2 marks)

2 Deduce the relationship between the horizontal range and vertical height and justify your answer.

(2 marks)

3 Explain how you would linearise the horizontal range and vertical height data to confirm the relationship.

(2 marks)
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Check your learning 2.2

Check your learning 2.2: Complete these questions online or in your workbook.

Retrieval and comprehension a how long it takes the rock to hit the ground

1 Recall whether the horizontal component of a (3 marks)
projectile’s velocity is independent of the vertical b the impact velocity of the rock (5 marks)
component. (1 mark) ¢ how far out from the cliff the rock lands.

2 The acceleration of a projectile is usually stated (1 mark)
as —9.8 ms~2. Explain how it can be negative 7 A ball is thrown horizontally from the top of a
when the projectile gets faster and faster as it falls cliff and hits the ground 6.0s later at 30° to the
towards the ground. (2 marks) vertical, moving at 67.9ms™!. Determine

3 A dropped ball and a ball projected horizontally a the initial velocity of the projectile (4 marks)
from the same height both land at the same time. b its initial horizontal and vertical velocity
Explain how this can be when the projected ball (1 mark)
has to travel a longer path. (2 marks) ¢ the range (1 mark)

4 Clarify how the initial and final components of d the final vertical velocity. (2 marks)

horizontal velocity are related. (1 mark) L
Knowledge utilisation

Analytical processes 8 A cricket player hits a ball horizontally on Earth

5 A skier jumps off a mountaintop at a horizontal at a speed of 50ms-!. Now imagine they hit the
velocity of 25.0ms™! and takes 5.005s to reach the ball in the same way on the Moon. Predict and
ground. justify with calculations how the range and

impact velocity would be different. (5 marks)

9 An astronaut on the surface of Mars decides to
emulate the golf stroke of Apollo 14 astronaut
Alan Shepard, who hit some golf balls on the
Moon while visiting in 1971. The Mars astronaut
stands on the edge of the Endeavour Crater and
hits a golf ball horizontally. It lands off in the
distance. Evaluate, with reasoned evidence, this
statement: “Under exactly the same conditions,
the ball would travel horizontally 1.6 times
further on Mars than on Earth.” (4 marks)

Determine (3 s.f)) the
a height of the mountaintop (3 marks)
b distance out from the base of the
mountaintop that the skier lands (2 marks)
¢ velocity on impact with the ground. (3 marks)

6 A rock is thrown horizontally at 8.00ms™! off a
100.0 m high cliff. Determine (3 s.f.)
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©

Learning intentions
and success criteria

elevation angle
the angle at which a
projectile is launched
with respect to the
horizontal

launch velocity
the velocity at which a
projectile is launched;
a vector quantity that
has both magnitude
and direction, usually
specified as an angle
of elevation to the
horizontal

70 PHYSICS FOR QUEENSLAND UNITS 3 & 4

Lesson 2.3
Projection at an angle

Key ideas
— The velocity vector for projection at an angle can be resolved into horizontal and

vertical components.

— The horizontal and vertical components of the velocity vector are independent for
projection at an angle.

— The horizontal component of velocity is constant; only the vertical component changes.

How does projection at an angle differ from horizontal
projection?

Not all projectiles are launched in the horizontal direction. Arrows, cannonballs, footballs
and netballs, for example, are usually projected upwards at an angle. You can still resolve the
initial velocity into horizontal and vertical components as you did for horizontal projection.

Consider an arrow being launched upwards at an angle of 0 to the horizontal. This is
called the elevation angle and can be represented in a vector diagram. The initial launch
velocity u and the angle 0 are shown in the vector diagram in Figure 1.

Arrow

Vertical

u =usinf
v

0

Horizontal

FIGURE 1 Vertical and horizontal components of the initial velocity of a projectile

The initial velocity can be resolved into two components at right angles (perpendicular)

to each other. The initial velocity u is resolved into a vertical (y-axis) component u, and
a horizontal (x-axis) component « . All you need to do is make a rectangle with the initial
vector as the diagonal. Using the trigonometric ratios, you get, as before:

opposite
hypotenuse
uy
u

sind =

or u, = usin®

adjacent

cosd = hypotenuse

ux
u
or u_= ucost
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Motion of an object projected at an angle

The motion of the projectile is a parabola because the vertical displacement varies as parabola

a function of #* (i.e. s, = u,t + %g t2), as it is uniformly accelerated motion; however, the

a graph of a quadratic
function for which the

horizontal displacement (the range) varies with just z (i.e. s = u 1), as it is constant velocity. power ais 2, e.g. = x°

Case 1: What happens if the projectile lands at the same
height as at launch?

For the simplest case of projection at an angle, the object will land at the same height (vertical
displacement) from which it was launched, as shown in Figure 2. For this scenario, the

following statements can be made.

The impact speed will be equal to the launch speed. Recall from earlier in this module impact speed

that for purely vertical motion, initial speed equals final speed.

the speed at which an
object hits a surface;

The impact velocity will have the same magnitude and angle to the ground as the launch the final speed
velocity, but it will be in a general downwards direction, not upwards as at launch.

The horizontal component of velocity remains constant for the duration of the flight,

hence v =u_.
X X

The vertical component of velocity at launch equals the vertical component of velocity at
impact, but in the opposite direction: v, (impact) = —u, (launch).

Maximum height

y Maunch

u
X

Range

FIGURE 2 Horizontal and vertical components of velocity for the flight of a projectile

Worked example 2.3A

Calculating the motion of a projectile landing at the same height

A bullet was fired from a rifle at 200.0ms™" at an angle of 40.0° to the ground.
Ignoring air resistance, calculate (to an appropriate number of significant

figures) the

a initial vertical and horizontal components of the velocity (2 marks)
b maximum height reached (3 marks)
c time of flight (total time taken from start to finish) (2 marks)
d horizontal range. (2 marks) >
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Step 1: Look at the cognitive verb and mark allocation to
determine what the question is asking you to do.

Step 2: Gather the relevant data from the question. Check for any
information that is non-numerical such as “from rest”.

Step 3: Apply trigonometry to determine the formula for the
vertical component and substitute in the given information.
Calculate the value and check that the sign is appropriate (up is
+, down is —). Check the units are appropriate. Give your answer
to an appropriate number of significant figures, in this case 3 s.f.
(1 mark for “Provides correct answer for vertical component™)
Step 4: Apply trigonometry to determine the formula for the
horizontal component and substitute in the given information.
Calculate the value and check again that the sign is appropriate
(up is +, down is —). Check the units are appropriate. Give your
answer to an appropriate number of significant figures, in this
case 3 s.f. (1 mark for “Provides correct answer for horizontal
component™)

Step 5: Select the appropriate formula, ,Uyz = uy2 + 2gs,, and
rearrange to make s, the subject. (1 mark for “Rearranges
equation”)

Step 6: Substitute in the known values and solve for Sh Give
your answer to an appropriate number of significant figures, in
this case 3 s.f. Use the correct units. (1 mark for “Demonstrates
correct substitution”; 1 mark for “Provides correct answer”)
The time of flight can be calculated in three ways. All three
methods are included so you can see the differences and decide
what may suit you the best.

Step 7: Method 1 for time of flight

Determine the time taken to reach the maximum height (vy =0)
and double it to get the time of flight. Select the appropriate
equation v, =u, g and rearrange to make ¢ the subject.

Step 8: Method 1 continued Substitute in the known values
and solve for z. Use the correct units. (1 mark for “Provides
appropriate mathematical reasoning”)

Step 9: Method 1 continued To get the time of flight, double
the time it takes to get to the maximum height. Give your answer
to an appropriate number of significant figures, in this case 3 s.f.
Use the correct units. (1 mark for “Provides correct answer”)
Method 2 for time of flight

Determine the time taken until the final vertical velocity is equal
and opposite to initial vertical velocity.

Select the appropriate formula, v, =u, + g1, and rearrange to
make ¢ the subject.

72 PHYSICS FOR QUEENSLAND UNITS 3 & 4

“Calculate” means to determine or find a number or
answer by using mathematical processes. We must
identify the appropriate formula and use it to find an
answer.
a u=200.0ms,0=40.0°%g=-9.8ms™>
(the upwards direction is positive)

u, = usin®

= 200.0 X sin40.0°

=128.6
=+129ms™! (3 s.f.) or 129ms™! upwards (1 mark)

u_ = ucosd
=200.0 X cos 40.0°
=153.2
= 153 ms™~! (1 mark)

2,2
b v, = U, +2¢ Sy

_ulow’
iy (1 mark)

_ 02— (+129)?
S = % (0.8 (1 mark)

=+844 m (3 s.f.) (1 mark)

c y=utat

= Yy ; u,

_0-(+129)
1=""93
=13.12s (1 mark)

t[o(al = 2 X [rnax height
=2x13.12
=26.24
=26.2 (3s.f.) (1 mark)

v, =u,+tgt
‘Z)y - My
g

=
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Method 2 continued Substitute in the known values and solve . = —129_— (+129) (1 mark)
for z. Give your answer to an appropriate number of significant ol =262 49'8
figures, in this case 3 s.f. = 26:2 s (3 s.f) (1 mark)
Use the correct units. (1 mark for “Provides appropriate
mathematical reasoning™; 1 mark for “Provides correct answer”)
Method 3 for time of flight s,=u,t+gr
Determine the time until the vertical displacement, Sy is zero
again. Select the appropriate formula.
Method 3 continued Substitute in the known values and solve s, = U, + g1
for z. Give your answer to an appropriate number of significant 0 = +128.6¢+ —4.972 (1 mark)
figures, in this case 3 s.f. Use the correct units. (1 mark 491 =128.6
t=26.24

for “Provides appropriate mathematical reasoning™; 1 mark for

“Provides correct answer”) =26.2s 3 s.£) (1 mark)

Step 10: Select the correct formula and substitute in the known d s, =uXxt
values. Solve for the horizontal range. Give your answer to an =153.2 X 26.24 (1 mark)
appropriate number of significant figures, in this case 3 s.f. Use =4,020m (3 s.f.) (1 mark)

the correct units. (1 mark for “Provides appropriate mathematical
reasoning”; 1 mark for “Provides correct answer™)

Your turn

A golf ball was launched at 61.0ms™ at an angle of 22.0° to the ground. Ignoring air resistance, calculate (to
an appropriate number of significant figures) the

a initial vertical and horizontal components of the velocity (2 marks)

b maximum height reached (3 marks)

c time of flight (total time taken from start to finish) (2 marks)

d

horizontal range. (2 marks)

Challenge

Archery world speed record

The world speed record for an archery arrow shot over 100m is 1.64s (220kmh'). Calculate the elevation
angle of the arrow so that it hits the bullseye at the same height as it was fired (shoulder height). (5 marks)

Case 2: What happens if the projectile
lands at a lower height than at launch?

In some scenarios, an object will land at a lower height than at
launch — for example, a person launching a shot-put at shoulder
height and it hitting the ground, or a skier launching upwards off
a ramp and landing further down the mountain (Figure 3). The
main difference between this and Case 1, landing at the same

height as at launch, is that the vertical displacement at impact is %t "
no longer zero but some negative quantity. This is explored in : ;:‘1 ~<

Worked example 2.3B.

position is lower than their take-off position.

FIGURE 3 For a skier jumping from a bump, their landing
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FIGURE 4 When shooting for the hoop, the velocity, angle and height of release have to be just right.

Worked example 2.3B

Calculating motion for a projectile landing at a lower

height

A cannon is fired from the edge of a cliff, as shown in Figure 5.
The tip of the cannon is 60.0 m above the surface of the sea.

The initial velocity of the cannonball is 88.3ms™" and it is fired at an

upwards angle of 34.5° to the horizontal.

a Determine the time the ball is in the air. Give your answer to an
appropriate number of significant figures. (4 marks)

b Construct a vector diagram, and determine the impact velocity when
it strikes the water. Give your answer to an appropriate number of

significant figures. (6 marks)

¢ Determine the horizontal distance from the base of the cliff to where
the ball strikes the water. Give your answer to an appropriate number

of significant figures. (2 marks)

FIGURE 5 The cannonball lands lower
than its starting position.

T e T

Step 1: Look at the cognitive verbs and mark allocation to
determine what the questions are asking you to do.

Step 2: Gather the relevant data from the question.

Step 3: Identify what is asked for in the question.

Step 4: To calculate the time of flight we need to calculate

the vertical component of initial velocity using trigonometry.

(1 mark for “Calculates the vertical component of initial
velocity™)

74 PHYSICS FOR QUEENSLAND UNITS 3 & 4

“Determine” means to establish after calculation.
“Construct” means to display information in a
diagrammatic or logical form. We must identify the
appropriate formula and use it to find an answer.

a 9=883ms",s,=-60.0m,

6 = 34.5° to the horizontal, g = —9.8 ms™

t

total® Vfinal® Sx

u, = usin®

= 88.3sin34.5°

= +50.0ms™! (positive is up) (1 mark)
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Step 5: You can calculate time of flight directly, but it would v2=u?+ 2gs,
involve solving a quadratic equation (and all the possibility for =+502+ 2 X (=9.8 X (=60.0))
errors this method seems to attract). To avoid this, calculate =12,500 + 1,176
the vertical component of the impact velocity first. (1 mark for =3.676
bl
Calculates the vertical component of impact velocity™) v, = 3,676
=160.6ms™!

= —-60.6ms™! (discardthe+) (1 mark)
Step 6: Calculate the time of flight by selecting the appropriate | v, = u, + gt

equation and rearranging it, before substituting in the values = vy Uy
. . . . -
and making the calculation. Give your answer to an appropriate _ _
= Z60.6=CH50) (1 1oy
number of significant figures, in this case 3 s.f. (1 mark for -9.8

“Demonstrates correct substitution”; 1 mark for “Provides 11.3s (3 5.£) (1 mark)

correct answer”)

Step 7: Determine the impact velocity. First, determine the b o =u+g

vertical component of the initial velocity. You may have =—-60.6ms~! (1 mark)
already done this in Step 3. (1 mark for “Identifies the vertical

component of initial velocity™)

Step 8: We also need to calculate the horizontal component of u, = ucosd

the initial velocity, which we can do using trigonometry. (1 mark = 88.3cos34.5°

for “Identifies the horizontal component of initial velocity™) =72.8ms™" (1 mark)
Step 9: The final horizontal velocity is the same as the initial v, T U,

horizontal velocity as there is no net force in the horizontal =72.8ms™ (1 mark)

direction. Restate the value for « . (1 mark for “Identifies the
equivalence of final and initial horizontal velocities™)

Step 10: The impact velocity is calculated by the vector addition v =728ms!
.\ .

of the final vertical velocity and the final horizontal velocity. -

Draw a vector diagram showing the components of the final

velocity and the resultant. (1 mark for “Constructs appropriate o
. impact
vector diagram”) v,=60.6m st

(1 mark)

Step 11: Calculate the magnitude of the resultant velocity using | v = \(=60.6)2 + 72.82

Pythagoras’ theorem. Give your answer to an appropriate =94.7ms™! (1 mark)

number of significant figures, in this case 3 s.f. Use the correct

units. (1 mark for “Provides correct answer for velocity™)

Step 12: Calculate the angle 6. State the angle and that it is 0 = tan-! gg:g

with respect to the horizontal (ground). Give your answer to an = 39.8° to the horizontal (1 mark)

appropriate number of significant figures, in this case 3 s.f.

(1 mark for “Provides correct answer for angle”)

Step 13: Select the correct formula to calculate the horizontal c s, =u Xt

distance (the range). In this case: =72.8 X 11.3 (1 mark)

horizontal distance, s, = horizontal velocity, , X time of flight, z. = 823 m out from the base (3 s.f.) (1 mark)

Give your answer to an appropriate number of significant

figures, in this case 3 s.f. Use the correct units. (1 mark for

“Demonstrates correct substitution”; 1 mark for “Provides

correct answer”) }
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BT Vour turn’

A ball is thrown from a third story window 32.0m above the ground. The initial velocity of the ball is
25.0ms™!, and it is thrown at an upwards angle of 22.0° to the horizontal. Determine (to an appropriate
number of significant figures)

a the time the ball is in the air (3 marks)

b the impact velocity when it strikes the ground (4 marks)

c the horizontal distance from the base of the building to where the ball strikes the ground. (2 marks)

Case 3: What happens if a projectile
lands higher than launch height?

The final type of projectile trajectory is where it lands

higher than the launch height. A good example of this /

is a basketball player shooting a ball into a hoop. /
For example, in Figure 6 the ball leaves the player’s

hand at an initial vertical displacement of +1.9m and

Study tip lands in the hoop at a final vertical displacement of
This type of question +3.1m. You can simplify this by saying the initial

Is a favourite for vertical displacement is 0 m (where it leaves the
external exams. Pay ) ) )

particular attention player’s hands), and the final vertical displacement at
to whether the final the hoop is +1.2m (higher than at the start).

FIGURE 6 Schematic for a ball landing
higher than at launch

displacement is

positive or negative. For this example, s, = +1.2m, s_(range) = 4.0m,

0 = 60° upwards, g = — 9.8 ms™2,

Worked example 2.3C

Calculating motion for a projectile landing at a greater height

Consider the basketball scenario in Figure 6, and (to an appropriate number of significant figures)
a determine the initial velocity of the ball (6 marks)
b calculate the time of flight of the ball. (2 marks)
e e T e
Step 1: Look at the cognitive verbs and mark allocation to “Determine” means to establish after calculation.
determine what the questions are asking you to do. “Calculate” means to determine or find a number or
answer by using mathematical processes. We must

identify the appropriate formula and use it to find an

answer.
Step 2: Identify the facts provided in the question. a s =+1.2m,s, (range) = 4.0m, 6 = 60° to the
horizontal, g = -9.8ms™
Step 3: Determine the quantities to be found. U, t

Step 4: Determine the vertical component of the initial velocity. | u, = usin 60°

(1 mark for “Calculates the vertical component of velocity™) =0.866u (1 mark)
Step 5: Determine the horizontal component of the initial u, = ucos 60°
velocity. (1 mark for “Calculates the horizontal component of =0.500u (1 mark)
velocity™)
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Think
Step 6: Derive a relationship between the horizontal velocity, v =u = i;
distance and time. Replace u_with 0.500« from Step 5. (1 mark S, 4.00 4.00
=% =", = 0.500, (1 mark)

for “Identifies the relationship between quantities™)

Step 7: Use the formula for displacement in the vertical
direction to derive a relationship between S U and z. (1 mark
for “Demonstrates correct substitution”)

= 1,
S, —uyt+2gt

+1.2 = 0.866ut + 5 X (—9.8)1% (1 mark)

Step 8: Substi.tute in expressions for z from 'Step 6 and 12 = 0.8661 X : 50 40 ( 6150 )z (1 mark)
solve for u. Give your answer to an appropriate number of DU : 2“
significant figures, in this case 2 s.f. (1 mark for “Provides 1.2 =0.866u x % - 4.9(%)
appropriate mathematical reasoning”; 1 mark for “Provides 1.2 = 6.928 — 3132-6
u
correct answer”)
5.728 = -8
,_313.6
W =5728

u="7.4ms"! (2s.f.) (1 mark)
Step 9: Calculate u_from the value of « in Step 8. (1 mark for b u =050u
“Demonstrates correct substitution”) =0.50x7.4

=3.7ms™! (1 mark)

Step 10: Use the relationship for time from Step 6 and u to t= 4170 = g—g = 1.1 s (1 mark)

solve for z. Give your answer to an appropriate number of
significant figures, in this case 2 s.f. (1 mark for “Provides
correct answer”)

A cricketer hits a ball at a height of 1.50m from the ground at an angle of 25.0° to the horizontal. The ball
just passes over the top of a sightscreen 50.0m from the cricketer, as shown in Figure 7.

- ~ i
- -
~

6.00 m

50.0m

FIGURE 7 The ball is in a higher position than at the start.

a Determine the speed at which the ball leaves the bat. Give your answer to an appropriate number of
significant figures. (5 marks)

b Calculate the time that the ball is in the air before it reaches the screen. Give your answer to an
appropriate number of significant figures. (2 marks)

Challenge

Cricket

Which hits the ground faster: a cricket ball thrown horizontally at 10ms= or one thrown at 10 ms~ but at
45°? (5 marks)
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Challenge

Cannonball horizontal distance

A cannonball is fired and, after travelling 5m horizontally, reaches half its maximum height (%__ )
(Figure 8). Determine the horizontal distance at which the ball will land. (Beware, this is difficult and the

solution for this challenge is at least three pages long!) (5 marks)

0 5 ? s, (m)

FIGURE 8 Trajectory of a cannonball

complementary
angles

angles that add to 90°;
for example, 60° is
the complementary
angle (complement)
of 30° and 75° is the
complement of 15°.
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What are complementary angles of elevation?

If you have ever hosed the garden, you would know that you can direct the water to fall on a
particular plant by using either a high or a low angle of elevation for the stream of water. In
both cases, the range is the same. The two angles that give the same range are complements
of each other. This means they add up to 90°. For example, 60° and 30° give the same
range and they add up to 90°. Figure 9 shows a variety of complementary angles and the
trajectory of a projectile (including a stream of water) for each angle. Practical 2.4 “Angled
projection and distance” investigates this.

You can explore this further. Imagine hitting two baseballs with the same force so they
both have the same initial speed, but one is at 60° and the other is at 30°. Worked example
2.3D shows how this can be approached.

10
750
~~ /\
E s \
" / 60° \—u
51
£ 6
2 / 45°
ke
S 4 \
g / 30 \
/—
> , T I
0 T
4 1

0 2 4 6 8 10 12 1 6 18 20

Range (horizontal distance), sx(m)

FIGURE 9 Complementary angles give the same range in the absence of air.
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Worked example 2.3D

Calculating time and range for projection at complementary angles

A baseball is struck with an initial speed of 20m s~ at angles of elevation of 60° and 30°. Assume air

resistance to be negligible.

a Determine the time of flight for each angle. Give your answer to an appropriate number of significant
figures. (6 marks)

b Determine the horizontal range for each angle. Give your answer to an appropriate number of significant
figures. (2 marks)

¢ Assess (i) the times of flight, and (ii) the ranges for each of the two angles. (2 marks)

e T,

Step 1: Look at the cognitive verbs and mark allocation to determine what | “Determine” means to establish after

the questions are asking you to do. calculation. “Assess” means to make a
judgment about the outcomes.
We must identify the appropriate formula
and use it to find an answer.
Step 2: Identify the facts and the quantities required for the answers. a u=20ms",0=30°and = 60°
Find ¢ for each and the range for each.
Step 3: Calculate the vertical and horizontal components of the velocity for | «, = 20sin 60°
60°. (1 mark for “Calculates the components of velocity correctly”) =17.3ms™!
u_= 20cos 60°
= 10ms™! (1 mark)

Step 4: Select the appropriate equations to determine the time of flight 5, = i+ % o1

for 60°.
Step 5: Substitute into the equation and make the calculation. 0=+17.31+ —4.9¢ (1 mark)
(1 mark for “Demonstrates correct substitution”; 1 mark for “Provides 17.3:=4.97
correct answer”) 17.3=4.9¢
1= 3.5 (1 mark)

Step 6: Calculate the vertical and horizontal components of velocity for u, = 20sin30°
30°. (1 mark for “Calculates the components of velocity correctly”) =10ms™!

u_=20cos30°

=17.3ms™! (1 mark)

Step 7: Substitute into the appropriate equation and make the calculation. s, = Ut + % g
Give your answer to an appropriate number of significant figures, in this 0=+10¢+ —4.92 (1 mark)
case 2 s.f. 10:=4.92
(1 mark for “Demonstrates correct substitution”; 1 mark for “Provides 10=4.9¢
correct answer”) t = 2.0s (1 mark)

Note: for the higher angle of elevation, the ball is in the air for 3.5s,
compared to 2.0s for the lower angle. You can decide which would be
better in a baseball game: more time in the air means more time to run but
also more time to get in position for a catch.

Step 8: For 60° select the appropriate equation and substitute in values. b s =ut
Calculate the range. (1 mark for “Calculates the range for 60°”) =10x3.5
= 35m (1 mark)
Step 9: For 30° select the appropriate equation and substitute values. so=ult
Calculate the range. Give your answer to an appropriate number of significant =173x2.0

figures, in this case 2 s.f. (1 mark for “Calculates the range for 30°”) = 35m (1 mark)
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T R
Step 10: Compare the times and ranges. (1 mark for “Justifies the ¢ (i) The time is longer for the higher
conclusion using calculated data for the time and for the range”) angle (¢ = 3.5s) than for the lower

angle (t = 2.0s). (1 mark)
(i1) The ranges are identical at 35m.
(1 mark)

An experiment in class was conducted to test the effect of varying the angle of elevation for projectiles. A steel
ball was projected with an initial speed of 20ms™ at angles of elevation of 65° and 25°. Assume air resistance
to be negligible. Determine (to an appropriate number of significant figures) which angle gave

a the longer time of flight (5 marks)

b the longer horizontal range. (3 marks)

How does the angle of projection affect the horizontal
range?

You saw in the previous section that the range of a projectile depends on its angle of
projection, and that complementary angles have the same horizontal range. We can look at
range as a function of the angle in another way. Figure 10 shows a graph of the results of

an experiment in which this relationship is tested. Consider a steel ball with a mass of about
20 g being projected at a constant velocity at various angles of elevation. The initial and final
positions of the ball are at the same vertical height.

2.6

. TN
" N

x

Horizontal range, s_ (m)
o

0 10 20 30 40 50 60 70 80

Angle of elevation, 0 (degrees)

FIGURE 10 Theoretical horizontal range for various launch angles

We can see from the graph that the maximum theoretical range is for 45° and that
complementary angles have the same range. However, the time of flight for complementary
angles is not the same. The greater the angle of elevation, the longer it takes for the projectile
to reach the ground (Figure 11).
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e
rd

0.6 ’Ar///'

Time of flight, ¢ (s)

0.4

0.3 ./

0 10 20 30 40 50 60 70 80

Angle of elevation, 0 (degrees)

FIGURE 11 Theoretical time of flight for various launch angles

Challenge

How far will a flea go?

A flea can jump 18.4 cm high when jumping at 45°. How far horizontally will it go? (5 marks)

Challenge

Linearising time of flight vs angle data

Propose how you would linearise the relationship shown in Figure 11. Justify your proposal by drawing a
linearised graph. Hint: you need to consider how the theoretical value of time is calculated from the angle
data. (3 marks)

Real-world physics

The effect of air on projectiles

Aristotle argued that once a projectile ran out of a quantity he called
“impetus” (what we might call “energy” or “momentum”) it would fall
vertically from the sky (Figure 12). Galileo argued that this was wrong,
and that the trajectory would be parabolic. Galileo was right — or was he?
In the discussion so far, air resistance has been ignored. When air
resistance is taken into account, the trajectory is different. Aristotle is

almost right, but for the wrong reasons. At low speeds air resistance is
negligible, but at greater speeds it becomes considerable.

For instance, a baseball hit at an angle of elevation of 60° at 45ms™! FIGURE 12 The path of a projectile

will have a different trajectory in air than in a vacuum. LR TSI v2 AL el WRICRD s
contradicted by Galileo
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4 TABLE 3 Computer model of the trajectory of a ball through air and a vacuum

Path A (in air)

Range 100m
Maximum height 53m
Time of flight 6.6s

Path B (in a vacuum)

177m
77m
79s

Figure 13A shows the difference between the trajectory of a ball in air and in a vacuum, as predicted by a
computer model, and Figure 13B shows that of a bullet as tracked by ballistics experts on a rifle range.

The differences come about because bullets have more complicated motion than a round ball in flight.

Trial-and-error has shown that the maximum range for a bullet fired in air is achieved at an elevation of
33°, a rough rule-of-thumb that works for most guns. As an approximation, the angle of descent at maximum
range is about 80°, or very nearly vertical. Any greater elevation of the gun merely means that the bullet will
actually drop vertically, and the last part of the flight will add nothing to the range. So, the war veterans were

probably right — bullets did fall on them vertically from the sky (and were just as lethal).

In vacuum

>+ In vacuum

FIGURE 13 The trajectories of (A) a ball and (B) a bullet in air and in a vacuum

Apply your understanding

1

According to Newton's first law, an object continues its motion in a straight line if there is no net force
acting on it. Once a cannonball leaves the cannon and there is no longer a pushing force, the ball should
travel in a straight line forever. Explain why this is not the case. (2 marks)

Explain whether the air resistance on a projectile increases with speed. (1 mark)

Check your learning 2.3

Check your learning 2.3: Complete these questions online or in your workbook.

Retrieval and comprehension

1

Explain how initial velocity and final velocity
are related for an object projected upwards at

an angle and returning to the same height as at
launch. (2 marks)

Describe the relationship between
complementary angles of elevation and range for
a projectile in the absence of air. (1 mark)
Explain how and why air resistance affects the
range of a projectile. (1 mark)
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Analytical processes
4 A tennis ball close to the ground is hit by a

racquet with a velocity of 30.0ms™! at an angle of

25.0° to the horizontal. Determine (3 s.f.)

a the vertical and horizontal components of the
initial velocity (2 marks)

b the maximum height reached by the ball
(3 marks)

¢ the time of flight (2 marks)

d the horizontal range. (2 marks)
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5 A football is kicked off the ground at an angle 9 The following graph shows how the range

of 30.0° to the horizontal. It moves away at and maximum altitude (height) of a projectile
23.0ms™'. Determine (3 s.f.) change with elevation angle in the presence of
a the vertical velocity after 1.00s (2 marks) air.
b the velocity (magnitude and direction) of the a Evaluate the relationship between

ball after 1.00s (4 marks) maximum altitude and elevation angle with
¢ the maximum height reached (3 marks) reference to the graph. (1 mark)
d the time of flight (2 marks) b Predict the maximum altitude for an angle

of 90°. (1 mark)

¢ Describe the shape of a graph of range
versus angle and draw a justified conclusion
about the best angle for maximum range.
(3 marks)

e the range of the ball. (2 marks)

6 A rockis thrown off a 100.0m cliff upwards at
an angle of 20.0° to the horizontal with an initial
velocity of 15.0ms~! and strikes the rocks below.
Determine (3 s.f)

a the time of flight (4 marks)

b the impact velocity (2 marks)
¢ how far out from the base of the cliff the
rock strikes the ground. (3 marks)

S8}

Knowledge utilisation

7 Propose how you would prove theoretically that
the range of a projectile that falls back to the
same height as that from which it was launched

Altitude (km)

60°
/\ 45°
5(‘\

—

30°

is a maximum when the elevation angle is 45°.

(1 mark) ‘o 1 2 3 4 5
8 On the Moon in February 1971, an astronaut hit a Range (km)

golf ball a distance of 180 m. Evaluate the claim

that “if the astronaut hit the same ball on Earth

with the same speed and angle (assumed to be

30°), it wouldn’t go as far”.

Note g,,... = —1.62ms™. (3 marks)

Lesson 2.4
Angled projection and distance

©

. This practical lesson is available on Oxford Digital. It is also Learning intentions
OXfOI‘ddIglta| 3 . . . and success criteria
provided as part of a printable resource that can be used in class.
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Lesson 2.5
Review: Vectors and projectile
motion

MODULE

Ssummary

e A vector has both magnitude and direction. It can be represented graphically or using symbols or words.
e A vector can be resolved into two components at right angles.

e Vectors or their components can be added and subtracted.

e Vectors can be recombined to get a resultant vector.

e The velocity vector of a projectile can be resolved into horizontal and vertical components.

e The horizontal and vertical components of a velocity vector are independent of each other.

e The horizontal component of the velocity is constant; only the vertical component changes.

* The velocity vector for projection at an angle can be resolved into horizontal and vertical components.

e The horizontal and vertical components of the velocity vector are independent for projection at an angle.
e The horizontal component of the velocity is constant; only the vertical component changes.

e Practical: Angled projection and distance

Key formulas

Constancy of horizontal velocity v, = U,

Horizontal displacement (range) s, =ul

Initial velocity: vertical component u, = usin@

Initial velocity: horizontal component u, = ucosf

Vertical velocity as a function of time v, =u,+gt

Vertical velocity as a function of (vertical) displacement Wyz = ”f + 2gs,
Vertical displacement as a function of time s, =ut+ %gtz
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Review questions 2.5A Multiple choice

Review questions: Complete these questions online or in your workbook.

(1 mark each)
1 The graph shows the vertical velocity of a

5 The diagram shows a ball being launched
horizontally off a cliff at a speed of u, which gives

projectile (a ball) with time.
Which one of the following is the best description
of the ball’s initial motion?

A Thrown vertically upwards

the ball a horizontal range R and a time of flight .
If the speed is increased to 2u, which one of the
following best describes the new time of flight and
the new range respectively?

B Thrown vertically down A LR “
C Dropped from rest B 1,2R
D Projected horizontally off a cliff C 2R
D 24 2R
?, (ms™H)
+20
PTﬁ
1 (s)
6 The three diagrams illustrate a projectile
2 a shortly after it was
launched
2 Balls are fired horizontally off a cliff at different
heights. Which one of the following best shows the
relationship between time of fall () and height (4)?
A to<\h
B toch
C to< i? b atits highest point
D e %
3 A golfball is hit into the air at an angle, reaches
maximum height and falls back to the ground.
Take the upwards direction as positive. Which
one of the following best describes its vertical
acceleration at maximum height?
A +9.8ms2 ¢ shortly before it hits the A
B —-9.8ms™ ground.
C Oms™?
D -9.8°ms™

4 An arrow is fired with the same initial speed at
angles of elevation ranging from 0° to 90°. Which

one of the following will increase with increasing If air resistance is ignored, the only force acting on

angle? the projectile will be gravity.

A Time of flight Which labelled arrow in the diagrams best

B Range represents the resultant acceleration acting on the
C Impact speed projectile?
D Impact velocity A B B E CA D C
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Use the following information to answer questions 7 to 10.

A batter hits a cricket ball so that it leaves the bat at an angle of 30° to the horizontal and with an initial

velocity of 60ms™, as shown in the diagram.

7 What is the magnitude of the initial vertical
component of the cricket ball’s velocity?
A 30ms™

B 52ms™!

C 59ms™!

D 9.3ms!

Shortly after leaving the bat, the cricket ball is
travelling on the upwards portion of its trajectory.
Which of the arrows best represents the direction

of the cricket ball’s acceleration at this time?
A A

B E
CF
D C

At the highest point on its trajectory, which of the

arrows best represents the direction of the cricket
ball’s velocity?

A E
B B
CH
D C
10 At the highest point in its trajectory, which of the
arrows best represents the direction of the cricket

ball’s acceleration, if air resistance cannot be
ignored?

A D
B F
CE
D B
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11 A projectile is fired at an angle and its time of
flight is measured. Which of the following states
the elevation angle in degrees that would give,

in order, the minimum time of flight and the
maximum time of flight?

A 0,90
B 45,90
C 90, 45
D 90,0

12 A box is dropped from an airplane while in flight,

as shown in the diagram. Which path will the box
follow with respect to the ground?

v ¥

A Path A
B Path B
C Path C
D Path D
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13 A 5 kg white ball is thrown horizontally at a 14 A hose lying on the ground shoots a stream of
speed of 8ms™! from a tall building. A 10 kg black water upwards at an angle of 40° to the horizontal
ball is thrown horizontally from the same height and at a speed 20ms™! as it leaves the hose. It
at a speed of 16 ms™!. How long will it take the strikes a wall 8 m away. How high up the wall will
white ball to reach the ground, compared to the the water strike?
time it takes the black ball to reach the ground? A 54m B 6.7m
A One-half as long C 7.8m D 83m
B The same time 15 A ball is projected at an angle 6 and an initial
C Twice as long speed u. Which one of the following shows the
D Four times as long time of flight of the ball?

_ 2usin@ _ 2u+sin@
A = ~— g B = =z

_ usiné _2u
Ci=——~ < D=7

Review questions 2.5B Short response

Review questions: Complete these questions online or in your workbook.

Retrieval and comprehension 21 A golf ball is hit by a club and moves off with
a velocity of 30ms™! at an angle of 55° to the

horizontal. Determine (2 s.f.) the

16 Determine whether or not the horizontal and
vertical components of a projectile are dependent

on each other. (1 mark) a initial vertical and horizontal components of

17 Vector A has a magnitude of 30 units and is the velocity (2 marks)

directed towards the right at 25° above the b
horizontal. Calculate the x and y components of c time of flight (2 marks)
the vector (2 s.f.). (2 marks) d horizontal range (2 marks)

maximum height reached (2 marks)

. e impact velocity. (3 marks
Analytical processes P ¥ ( )

18 A projectile is fired horizontally. Determine, with
justification, the part of its trajectory for which it
has the

a highest speed (2 marks)

22 A soccer ball is kicked off the ground at an angle of
20.0° to the horizontal. It moves away at 30.0ms™.
Determine the

vertical velocity after 0.50s (3 s.f.) (2 marks)

velocity of the ball after 1.0s (3 s.f.) (2 marks)

maximum height reached (2 s.f.) (2 marks)
time of flight (2 s.f.) (2 marks)
e range of the ball (2 s.f.). (2 marks)

23 The world record for throwing an uncooked hen’s
egg is 96.90m, set in 1981. The egg was thrown at
an angle of elevation of 45° and with negligible air

b lowest speed. (2 marks)
19 When a wedding ring is thrown horizontally out

a6 o P

of a fifth-floor window that is 15 m off the ground,
it lands 7.5m out from the base of the building.
Determine (2 s.f.) the

a throwing speed (3 marks)

b impact velocity. (3 marks) resistance. Determine (3 s.f.) what would have

20 A person sitting in a train carriage moving at been the

constant velocity throws a ball straight up in the .
. . y o g p a throwing speed (5 marks)
air. Determine, with justification

a whether the ball will fall behind them, in front
of them or into their hands (2 marks)

b maximum height above the ground (3 marks)
¢ time of flight (3 marks)
d

b what will happen if the train accelerates while impact velocity. (2 marks)

the ball is in the air (2 marks)
¢ what will happen if the train turns a corner
while the ball is in the air. (2 marks)
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24 A dart is thrown horizontally towards the bullseye 27 A basketball player shoots a ball at an angle
of a dartboard, but it strikes the 3 on the bottom of 55° into a hoop on a post 4.3 m away. The
of the board directly underneath the bullseye 0.19s ball is released from a height of 2.1 m and goes
after it left the player’s hand (shown by the arrow through the hoop, which is 3.0 m off the ground.
in the diagram). Determine (2 s.f)) the distance Determine (2 s.f.) the initial speed of the ball for
from the bullseye to the 3. (2 marks) this shot to be successful. (4 marks)

25 A football is kicked off the ground and it lands
on the roof of a house 57.3 m away at a height of
3.8 m. The time of flight was 3.0s. Determine
2 s.1) I 43m |
a its launch speed (5 marks)

28 Astronauts on the Moon hit a golf ball to see how
far it would go under the weaker effects of gravity.
From the edge of a crater, they hit a ball that
landed on the flat surface some distance away.
The time it took from hitting the ball to it landing

b its initial elevation angle (2 marks)
¢ the maximum height reached (2 marks)
d

the time of flight if the footballer kicked the
ball at the complementary angle. (3 marks)

26 A plane diving at an angle of 53.0° to the vertical was 22.77s. They radioed back to Earth that the
releases a rescue kit at an altitude of 730 m. This equation for its vertical displacement was given
projectile hits the water 4.50s after being released. by the formula s = 187 - 0.80#>. Determine the

. ¥
Determine (3 s.f) horizontal distance the golf ball travelled before

landing. (4 marks)

53.0°

29 Emanuel Zacchini was a famous US “human
cannonball”. In 1940 he attempted to clear a Ferris
y wheel 18.0m high after being launched from a

730 m

cannon at an elevation angle of 53.0° and a muzzle
velocity of 26.5ms™!. His initial point of projection
a the speed of the plane (4 marks) from the cannon was 3.00m above the ground.

Determine, with reasons and a labelled diagram

a whether he cleared the Ferris wheel (3 s.f.)
(5 marks)

b how far away from the cannon the net to catch
him would have been placed (3 s.f.). (4 marks)

b how far the projectile travelled horizontally
during its flight (2 marks)

¢ the impact velocity of the projectile. (5 marks)
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e 31 Data were collected in an experiment to investigate
- the effect of launch angle on range, and are listed in
) A the following table.
26.5 —1 . 18.0m
ms 53.0° \ Launch Range (m)
‘3 0om angle (°) Trial 1 Trial 2 Trial 3
Q ¥ m 15 1.30 1.06 1.31
30 2.11 2.15 2.11
Knowledge utilisation ® 2.39 2.0 2.47
, ) . 60 2.11 2.15 2.11
30 An experiment was done to investigate the range
i 75 1.30 1.06 1.31
of a steel ball launched horizontally off a benchtop
0.76 m from the floor. The horizontal velocity Analyse evidence in the dataset to
and range were measured and are shown in the a identify trends in the relationship (5 marks)
following table. b justify a conclusion about the effect of angle on
. range. (2 marks)
Horizontal 5, | (53 000 | 134 150 o .
velocity, v, (ms™) 32 In the 1968 Olympics in Mexico City, Bob Beamon
shattered the world long-jump record with a jump

Horizontal range,
s, (m) 012 1 022 | 040 | 0.53 | 0.59 of 8.90m. His speed on take-off was measured at

9.50ms™!, about equal to that of a sprinter. At the
time, newspapers questioned how close he came

to achieving maximum range for this speed in the
absence of air resistance (assuming maximum
range is at an initial elevation of 45°). The value of
g in Mexico City is 9.78 ms™2. Propose an answer
to their question and justify your response by
showing calculations. (6 marks)

a Construct a graph of range (on the vertical
axis) versus horizontal velocity (on the
horizontal axis). (3 marks)

b Assess whether the range is directly
proportional to the horizontal velocity.

(2 marks)

¢ Determine the time of flight from the graph
(2 s.f.). (2 marks)

d Determine the acceleration due to gravity
from the data (2 s.f.). (2 marks)

e Calculate the percentage error, given that

-9.8ms? (2 s.f.). (4 marks)

g(accepted) =
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4 .
Data drill

Calculating horizontal range

An “onager” is a type of catapult that was used
by the ancient Romans and during medieval
times to attack forts and castles by firing rocks as
projectiles. A simplified diagram of an onager is
shown in Figure 1.

FIGURE 1 An onager

A group of researchers made a full-sized replica
onager to launch 30kg stone balls. They launched
the balls at constant angle # to the horizontal for
five variations of the initial velocity, #. They did
three trials (replicates) for each velocity. The data
are presented in Table 1.

TABLE 1 Trial launch and range data for the onager

Initial Horizontal range, R (m)

velocity,

u(ms) Trial1 Trial2 Trial 3 Ave)rTage, ox
63 331 354 367 351 Q1
67 419 397 379 308 20
71 440 462 418 440 22
75 472 522 497 497 25
85 635 672 Q3 638 32

The relationship between the initial velocity » and
the horizontal range R was non-linear, so they
linearised it by plotting range R (y-axis) versus the
square of the initial velocity u? (x-axis) as shown
in Figure 2. Error bars were also added.

The processed data for the trendlines is:

Equation for the linear trendline: y = 0.0884x
Equation for the maximum linear trendline:

v =0.0900x

Equation for the minimum linear trendline:

v =0.0700x
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FIGURE 2 Linearised velocity and range data for the onager
experiment

Apply understanding

1 Calculate the absolute uncertainty 6x for
the first set of trials at an initial velocity of
63ms~!. Express your answer to the correct
number of significant figures. (1 mark)

2 Determine the percentage uncertainty 6% for
the three trials at an initial velocity of 67ms™
(2 s.f.). (1 mark)

3 Determine the horizontal range for Trial 3 for
an initial velocity of 85ms™ (3 s.f.). (1 mark)

Analyse data

4 Identify the percentage uncertainty for the
gradient of the linear trendline (2 s.f.). (1 mark)

5 Identify a mathematical relationship between
the initial velocity and the horizontal range of
the projectiles, including the uncertainty of the
gradient (1 s.f.)). (2 marks)

Interpret evidence

Use the following information to answer questions 6 and 7.
The “range formula” can be used to determine the
theoretical range R of a projectile on horizontal
ground knowing its initial velocity # and launch

angle 6 above the horizontal:
u’sin 20
g
6 Draw a conclusion about the magnitude of

the launch angle 6, including its percentage

Range =

uncertainty. (3 marks)
7 Predict the range of possible launch angles
given the percentage uncertainty. (1 mark)

Module 2 checklist: Vectors and projectile motion
—)
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Inclined planes

. Introduction
™ < T W A N
- T ?% B Aninclined plane or ramp is a flat surface raised at one end, used as an aid for raising

= “""“’\;\ or lowering a load. Moving an object up an inclined plane requires less force than
y < X lifting it straight up, although it has to be moved through a longer distance. The incline

T r— A __ used by the ancient Egyptians for building pyramids and the sloping roads built by the

ST r il Romans are examples of early inclined planes. It shows that they understood the value

S e,
S - of this technology for moving things uphill.
2 Fre—
R e L ATy ¢ S SRS S
ST ° Fz - &
- - Prior kpowledge
s Prior Check your understanding of concepts related to inclined planes

- knowledge

. . before you start.
quiz

e

Subject matter

Science understanding

— Solve problems involving force due to gravity (weight) and mass using I, = mg.
— Describe the concept of normal force.

: — J e — Describe the forces acting on an object on an inclined plane (e.g. force due to
e = ~ - . . . . .
- gravity, normal force, tension, frictional force and applied force) through the use of
R free-body diagrams.
Determine the net force acting on an object on an inclined plane using vector
analysis.
Science inquiry
o — o T . — 3 o . . . . .
5 P s - 2 — Investigate the parallel component of the weight of an object down an inclined plane
T T T TR Y = at various angles.
e Source: Physics 2025 v1.2 General Senior Syllabus © State of Queensland (QCAA) 2024
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é Lesson 3.4 The parallel component of the weight of an object on an inclined
plane

Ay
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Forces due to gravity

Key ideas

— The force of gravity, F,, on an object is the object’s weight.

— Mass, m, is a measure of an object’s resistance to motion, or the amount of substance
in an object. It is related to weight by F, = mg.

— When an object free-falls under gravity, it accelerates at g. Near the surface of Earth,

£=9.8ms?downwards.

— The normal force is the force exerted on an object by a surface against which it is
pressed. The normal force is always perpendicular to the surface.

What is force?

Scientists have identified four fundamental types of force: gravitational, electromagnetic

(involving both electrostatic and magnetic forces), weak nuclear and strong nuclear forces. All

interactions between matter can be explained as the action of one or a combination of these

four fundamental forces. There are other (non-fundamental) forces you will come across,

such as weight, the normal force, tension and friction. Depending on how they are used, these

forces can also be labelled as the applied force or net force.

How are weight and mass different?

Weight is different from mass.
Mass is a measure of an object’s
resistance to motion (or inertia)
and doesn’t vary no matter where
the object might be taken to in the
universe. Weight is a force that
depends on nearby astronomical
bodies. In Unit 2 we used the
symbol F, for the gravitational
weight force, but in this unit,
we will use F:g as a more general
symbol for all sorts of gravitational
attraction.

Obijects near or on the surface
of Earth experience a gravitational

FIGURE 1 Bathroom scales measure your weight but convert it to
mass in kg for the display.

attraction towards Earth’s centre by a pulling force called the force of gravity. This pulling

force causes freely falling objects to move downwards with an acceleration of 9.8 ms=. This is
called Earth’s free-fall acceleration, g.

On Earth, g = 9.8 ms™, but on other planets and satellites it depends largely on the mass
and size of the planet, as shown in Table 1.

OXFORD UNIVERSITY PRESS

©

Learning intentions
and success criteria

force

a push or pull between
objects, which may
cause one or all

objects to change speed
and/or the direction

of their motion (i.e.
accelerate) or change
their shape

mass

an object’s resistance
to a change in motion;
also commonly stated
as the amount of
matter in an object
(symbol: m; SI

unit: kilogram; unit
symbol: kg)

weight

a measure of the force
of gravity acting on
an object (symbol: Fg;
SI unit: newton; unit
symbol: N)
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Study tip

Free-fall acceleration,
g, is also called
acceleration due to
gravity. In Module 5,
you will learn how

it is equivalent to
gravitational field
strength.

Study tip

Significant figures
(s.f.) will not be
examined in the QCAA
External Exam, even
though you may see
that this was done

in past papers. You
should aim to express
your answer to the
same number of
significant figures as
the data given in the
question, which is
usually 2 s.f. or 3s.f.
Most questions in

our Unit 3 modules
state the number of
significant figures to
help you understand
what is appropriate.
Remember to round
answers to the correct
number of significant
figures only at the
very end, so you don't
introduce rounding
errors.
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TABLE 1 Free-fall acceleration on selected
astronomical bodies

Celestial Earth Free-fall
body masses acceleration,
g(ms??)
Jupiter 317.8 24.8
Earth 1.00 9.8
Mars 0.11 3.71
Moon 0.0123 1.62

FIGURE 2 Your weight depends on the local
gravitational attraction, not what you are doing — even
when free-falling. Your mass is independent of gravity.

Weight, being the force due to gravity, is given the symbol Fg. For an object of mass m with
free-fall acceleration g:

F =mg

8
For example, the weight of a 10kg object on the surface of Earth, where free-fall
acceleration g is 9.8 ms™, is given by:
= me
10 x 9.8
=98N
On the surface of the Moon, this object of mass 10kg would have a weight of 16 N.
On Jupiter it would be nearly 250 N.

Worked example 3.1A

Mass and weight at different places

A person has a mass of 85.0kg. Calculate their weight in newtons (to an appropriate
number of significant figures) on

a Earth (1 mark)
b the Moon (g, .. = one-sixth of g, ) (1 mark)
¢ Jupiter (g = 24.8ms™2). (1 mark)

T S
Step 1: Look at the cognitive verb and mark “Calculate” means to determine or find a
allocation to determine what the question is asking | number or answer by using mathematical

you to do. processes. For each part we must identify

the appropriate formula and use it to find

an answer.
Step 2: Select the correct formula for calculating F =mg
gravitational force (weight) from mass.
Step 3: Recall that the value of g on the surface of a F=mg
Earth is 9.8 ms2. Substitute values into the formula =85.0%X98

and calculate the weight. Give your answer to an =833N (3s.f.) (1 mark)
appropriate number of significant figures, in this
case 3 s.f. Check that the correct units are used.

(1 mark for “Provides correct answer”)

OXFORD UNIVERSITY PRESS
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T T

Step 4: Identify from the question data that the b F =mg
value of g on the Moon is % X 9.8 ms™2. Substitute =85.0x1.62
values into the equation and calculate the weight = 138N (3 s.f.) (1 mark)

on the Moon. Give your answer to an appropriate
number of significant figures, in this case 3 s.f.
Check that the correct units are used. (1 mark for
“Provides correct answer”)

Step 5: Identify from the question data that the c Fg = mg
value of g on Jupiter is 24.8ms2. Substitute values =85.0%24.8
into the equation and calculate the weight on =2,110N (3 s.f.) (1 mark)

Jupiter. Give your answer to an appropriate number
of significant figures, in this case 3 s.f. Check that
the correct units are used. (1 mark for “Provides
correct answer”)

A person has a weight of 650N on Earth. Calculate (to an appropriate number of
significant figures) their

a mass on Earth (1 mark)

b mass on Mars (g = 0.11 ms™2) (1 mark)

¢ weight on Mars. (1 mark)

Challenge

Which has the greater weight?

Which one of each pair has the greater weight?

a 1lkg oflead or 1kg of feathers (on Earth) (1 mark)

b 1cm? of lead or 1 cm?® of feathers on Earth (1 mark)

¢ 1 tonne of lead or 1 tonne of feathers (both in free-fall) (1 mark)
d An adult or a child both floating in a swimming pool (1 mark)

Challenge

How heavy is cork?

Cork is a very lightweight substance, as you would know if you have ever put a cork

in water. Imagine a 1.5 m diameter ball of cork. Do you think its mass is more or less
than half a tonne (500 kg)? Predict whether the mass is more or less than half a tonne.
Calculate the value to check your guess using the density of cork as 286 kgm™ and the
volume of a sphere as Vsphere = %mﬁ. (2 marks)
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normal force

the force acting along
an imaginary line
drawn perpendicular
to the surface

Study tip

In the convention for
writing subscripts, F,;
means “Force on A
by B".

FIGURE 5 When the pull of gravity downwards is stronger
than the supporting surface can push back up, the
inevitable happens.

Challenge

Finger in water and the normal force

A beaker of water is placed on an electronic balance and

the reading in grams is noted. You then stick your finger in
the water (Figure 3). Predict whether the reading on the
balance will increase, decrease or stay the same. (1 mark)
Propose how the reading in grams and the normal force are

related. (1 mark)

BO Campion Education (Aust) Pty Ltd on 13/08/2025 under licence.

FIGURE 3 A finger in a beaker of
water set on an electronic balance. A4 </
Does the reading change?

What is the normal force?

When a box is resting on a
table, gravity pulls the box
towards Earth with a force Fg
called its weight. The table
pushes back with an equal
and opposite force that is at
right angles to the tabletop
(Figure 4). A right angle is
also called a perpendicular or
“normal”, so it is called the
normal force (F).

Students often assume these
two forces make up an

Normal force

FE.
( Box ) ] Iy

[ Table |
[ ]
Fop, (F) F
1B Fyp (FQ) £
Gravity
r Normal Weight
EB force
Free-body diagram

Ground

FIGURE 4 The normal force, F,, is perpendicular to the surface.

action—reaction (or agent—receiver) pair consistent with Newton’s third law. Even though
these two forces are equal and opposite, they are not a third law pair. There are two third law

pairs in the situation of the box

1

96 PHYSICS FOR QUEENSLAND UNITS 3 & 4

shows the forces are in opposite directions: F F .

on the table:

The force on the box by Earth (F;) is also known as the
weight of the box (Fg ). The paired force is the pulling force
on Earth by the box (Fp).

The downwards force on the table by the box (F;) is paired
with the upwards force on the box by the table (¥, )

known as the normal force (F).

—also

Each pair make up the action—reaction pair. The magnitudes

are equal: F F This can be written in Vector notatlon, which

g
For example, when you are standing on the ground, the

gravitational attraction between you and Earth pulls you straight
down towards the centre of Earth. This is called your weight, F,.
The surface of Earth pushes back on your feet, and this is the
normal force, FN.
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Worked example 3.1B

Calculating normal forces

A 2.00kg box rests on a horizontal table. There are no applied forces.

a Construct a free-body diagram and calculate the normal force. Give your answer to an appropriate

number of significant figures. (4 marks)

b A person then pushes down on the box with a 5.0N force. Calculate the normal force now. Give your

answer to an appropriate number of significant figures. (1 mark)

I

Step 1: Look at the cognitive verbs and mark allocation

to determine what the questions are asking you to do.

Step 2: Draw a free-body diagram showing the normal
force F, and weight F vector arrows as equal and
opposite in length. Make sure they are correctly labelled.
The horizontal arrow above the symbol for force is
optional if the vertical arrows are correctly drawn.

(1 mark for “Constructs a correct free-body diagram™)

Step 3: Select the correct formula and substitute in
values. Calculate the value for Fg . Give your answer to
an appropriate number of significant figures, in this
case 3 s.f. Check that the correct units are used. There
is no need to say “down” if you have a correctly labelled
free-body diagram. (1 mark for “Calculates the weight of
the box”)

Step 4: State that the value of I/ is equal and opposite
o F,. Give your answer to an appropriate number of
significant figures, in this case 3 s.f. Check that the
correct units are used. Again, there is no need to say
“up” if you have a correctly labelled free-body diagram.
(1 mark for “Identifies the relationship between weight
and normal force”)

Step 5: Determine that the total force acting downwards
on the table is the weight, plus the added force
downwards from the finger. The normal force is equal
and opposite to the sum of these two forces. Give your
answer to an appropriate number of significant figures,
in this case 3 s.f. (1 mark for “Concludes that normal
force will be 24.6 N up”)

“Construct” means to display information in a diagrammatic
or logical form. “Calculate” means to determine or find a
number or answer by using mathematical processes. We must
identify the appropriate formula, substitute values and use it to
find an answer.

a J
e
2.00|kg
(1 mark)
P_‘>: mg
g
\
£ = mg
= 2.00 x 9.8 (1 mark)
= 19.6 N down (3 s.f.) (1 mark)
- -
Fo=~F,

=19.6N up (3 s.f.) (1 mark)

b F,=19.6+5.0
=24.6N up (3 s.f.) (1 mark)

A 10.00kg box is at rest on a horizontal table. There are no applied forces.

a Construct a free-body diagram and calculate the normal force. Give your answer to an appropriate

number of significant figures. (4 marks)

b A person pulls up on the box with a piece of string with a 15.0N force. Calculate the normal force now.

Give your answer to an appropriate number of significant figures. (1 mark)
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Check your learning 3.1

Retrieval and comprehension

1

Define the terms “weight” and
“normal force”. (2 marks)

Explain how the mass and weight
of an object differ on the surface of
the Moon compared to the surface of
Earth. (2 marks)

Construct a labelled free-body
diagram to show the relationship
between the normal force and weight
of an object when it is resting on the
ground. (2 marks)

Explain whether this statement

is true: “For an object at rest on a
horizontal surface and with no other
forces acting, the weight and the
normal force are equal in magnitude.”
(2 marks)

Calculate the weight of a 30kg box of

vegetables on Earth (2 s.f.). (1 mark)
A parent said their child had a weight
of 36 N at birth. Calculate the child’s
mass (2 s.f.). (1 mark)

98 PHYSICS FOR QUEENSLAND UNITS 3 & 4
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Check your learning 3.1: Complete these questions online or in your workbook.

Analytical processes

7 Distinguish between weight and

mass. (1 mark)

A bag of apples with a mass of

3.0kg rests on a table. Determine
the magnitude and direction of the
normal force. (2 marks)

Imagine you could take a 1kg rock to
the centre of Earth. Deduce what its
weight would be. (2 marks)

Knowledge utilisation
10 A student of mass 65kg stands

barefoot on the ground and says,

“I am pulling Earth towards me with
a force of 637N.” A friend says, “No,
Earth is pulling on you with a force
of 637N.” Evaluate both statements
and determine which is correct.

(2 marks)

A student stands barefoot on the
ground and says, “Earth is providing
the normal force to my weight.” She
then puts shoes on and says, “Now my
shoes are providing the normal force
and Earth is having a rest.” Evaluate
these statements for accuracy.

(3 marks)
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Lesson 3.2
Applied forces: Friction and tension

Key ideas

— As well as force due to gravity (weight) and the normal force, the forces acting on an
object include tension, frictional force and applied force.

— Aforce is a push or pull between objects that may cause one or both objects to change
speed and/or the direction of their motion (i.e. accelerate) or change their shape.

— Friction is the resistance to motion of a surface moving relative to another. Unlike
gravity, electromagnetism or the strong and weak forces, friction is not a fundamental
force. Itis the result of the electromagnetic attraction between charged particles in the
two touching surfaces.

— Tension is the pulling force transmitted along a rope, string, cable or chain on an
object. It has the symbol £..

— An applied force (F,) is a force applied to an object by a person or another object. It can
be a push or a pull.

What is friction? @

You may have measured frictional force by dragging an object across a desk at constant speed Learning intentions
and noting the reading (in newtons) on a spring balance (Figure 1). and success criteria
Wooden block

Spring balance

—

Applied force, F,

Friction, Ff

Table

FIGURE 1 A laboratory spring balance is calibrated in both grams (g) and newtons (N). A reading of 100g (0.1kg)
corresponds to a reading of about 1.0N. You can use the formula FL = mgto show this is true.
Friction is the resistance to motion of a surface moving relative to another. It is the result friction
of the electromagnetic attraction between the charged particles in two touching surfaces. the resistance to

: . . . . .. . . . L motion of a surface
Unit 2 discussed what life would be like without friction — it would be impossible. Friction moving relative to

is absolutely necessary, but it is also a hindrance. The search for ways of altering it has gone another
on for thousands of years, as has the search to understand it.

The properties of friction

In Unit 2, you also saw that friction has several properties, and these are worth reviewing:
e Friction is a force between two surfaces, and it opposes motion (Figures 2 and 3).

* Friction has the symbol F, and is measured in units of newton, with the unit symbol N.

¢ When there is no acceleration along the surfaces, the frictional force equals the horizontal
force.
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FIGURE 2 Rubber tyres have good friction with a dry road surface FIGURE 3 A lubricant eye drop is used to treat dryness and

but less so on a wet road. The grooves in a tyre serve to get rid of irritation in the eye by providing a low-friction interface between
water between the tyre and road, but when the tyre is worn it can’t the eyeball and the eyelid.

do this effectively.

For this section on inclined planes, one of the most important features of friction is its
relationship to net forces and acceleration. If an object is being dragged along a horizontal
surface by an applied force (I7},) at constant speed, there is no acceleration, so the net force
(F.) is zero. The applied force (£7;) must then be equal to the frictional force (F), as shown
in Figure 4A. In contrast, when the horizontal force is greater than the frictional force
(Figure 4B), the object will accelerate in the direction of the larger force.

Constant speed _v» Acceleration _a»
“F;:ZON F;I:zoN 17;: 10N F;I:zoN

FIGURE 4 The effect of friction on (A) the net force and (B) acceleration

Increasing and decreasing friction

Sometimes you want to increase friction, such as for tyres on a road. They can be made
with softer rubber or a pattern that has ridges and valleys. At other times you want to reduce
friction, such as in an engine, and this is done with a lubricant such as oil.

In Worked example 3.2A, you will consider the effect of friction on acceleration.

Worked example 3.2A

Motion on a horizontal surface with friction

In Figure 4B, the horizontal force is 20N (2.0 x 10! N) to the right and the frictional force is 10N (1.0 X 10'N)
to the left. The mass  of the block is 3.00kg. Determine (to an appropriate number of significant figures)

a the weight of the block (1 mark)

the normal force acting on the block (1 mark)

the net force acting on the block in the horizontal direction (1 mark)

the acceleration of the block in the horizontal direction (1 mark)

o o6 o

the net force acting on the block in the vertical direction. (1 mark)
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T,

Step 1: Look at the cognitive verb and mark
allocation to determine what the question is asking
you to do.

Step 2: To calculate the weight of the block, select
the correct formula and substitute in the known
values. Complete the calculation. Give your answer
to an appropriate number of significant figures, in
this case 2 s.f. Use the correct units. As weight is a
vector, you need to add a direction (down). (1 mark
for “Determines the correct answer™)

Step 3: Determine the normal force. There are no
applied forces, so the normal force is equal and
opposite to the weight. Give your answer to an
appropriate number of significant figures, in this
case 2 s.f. Add a direction and units. (1 mark for
“Determines the correct answer”)

Step 4: Determine the net force. The horizontal
force is greater than friction, so the block moves in
the direction of the larger force. Give your answer
to an appropriate number of significant figures, in
this case 2 s.f. Add a direction and units. (1 mark for

“Determines the correct answer”)

Step 5: Select the formula for Newton’s second law
and substitute in values for F, and m. Complete
the calculation. Give your answer to an appropriate
number of significant figures, in this case 2 s.f. Add
a direction and units. (1 mark for “Determines the
correct answer”)

Step 6: Identify that there is no vertical movement
and explain that this means the net force must also
be zero. (1 mark for “Justifies the conclusion using

reference to Newton’s second law”)

“Determine” means to establish after a calculation. We must
identify the appropriate formula and use it to find an answer.

a F =mg

=3.0%x9.8
=29.4N
= 29N down (2 s.f.) (1 mark)

=29.4N up
= 29N up (2 s.f.) (1 mark)

=r, -

=20-10

=10N to the right (2 s.f.) (1 mark)
Alternatively, using vector notation:
- - -

Fnet = FH + Ff

=20+ (-10)

= +10N (to the right)

F_ . = ma; therefore:

ne

net

a=m
0

~ 3.00
= 3.3ms? to the right (2 s.f.) (1 mark)

There is no movement in the vertical direction, so the vertical
acceleration is zero. Therefore, according to Newton’s second
law, F_(vertical) is zero. (1 mark)

A block of wood of mass 650¢ is being pushed along a horizontal surface by a force of 3.5 N to the left.
A frictional force of 2.1 N acts. Determine (to an appropriate number of significant figures)

a the weight of the block (1 mark)

o o6 o

OXFORD UNIVERSITY PRESS

the normal force acting on the block (1 mark)

the net force acting on the block in the horizontal direction (1 mark)
the acceleration of the block in the horizontal direction (1 mark)

the net force acting on the block in the vertical direction. (1 mark)
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What is tension?

tension Tension is the pulling force transmitted

the pulling force along a rope, string, cable or chain on an
transmitted along a

rope, string, cable or
chain on an object meaning “to stretch”. The symbol FT is used

to show that it is a force, with the subscript
T to signify that it is tension — a pulling force

object. It comes from the Latin word “tensio”

and not a compression or twisting force, or
any other sort of force.

We will now look at some specific
examples of tension.

FIGURE 5 Window cleaners hanging in a cradle

H ow d oes te ns | on wor k? suspended by high-tensile steel ropes

Tension on an object hanging at rest

Consider a mass, m, that is suspended at rest from

a scaffold such as an overhead beam. Gravity pulls
downwards on the mass with a force Fg called the
weight of the object (Figure 6). To support this
weight, the rope has to pull upwards with an equal and
opposite force. These two forces (the upwards pull of
the rope and the weight) make up the action—-reaction
pair (or agent—receiver pair) you learnt about when you
studied classical mechanics (Newton’s laws) in Unit 2.
As the object is not accelerating, the net force must

be zero, so you can confidently say that the weight
force and the tension force are equal and opposite, and
their net sum is also zero. This would also apply to the
object moving at constant speed (zero acceleration).

Note: assume for all examples that the rope is
massless, or so small compared to the mass of the
object that it can be neglected, and that the string is
inextensible (i.e. not able to be stretched).

In Figure 6, you can see that at the top end the
rope is pulling down on the scaffold with a
force F.. that is the same magnitude as the
tension in the rope pulling up at the lower
end. These two tension forces have the
(upper) F T(lower))' Ata
microscopic level there are billions of these

same magnitude (F..

tension pairs acting on molecules in the rope
for its entire length. Because they are all
equal and opposite, you can just represent the
ones at the ends.

The scaffold has to pull upwards on the
rope with a force equal to this tension. The
ultimate purpose of the rope is to transmit
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Scaffold

F  Force of scaffold pulling
up on rope

F. Tension in rope pulling
down on scaffold

Fr Tension in rope pulling
up on block

¢ Fg Weight of block pulling
down on rope

FIGURE 6 The rope is under tension from
the force of gravity on a hanging object.

FIGURE 7 The rope is under tension from pulling
the weight of the block to the scaffold. forces. The tension is zero if it is pushed.
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Of course, if the scaffold was accelerating upwards, the tension in the rope would increase,

but when it is at rest or moving at a constant speed, the tension in the rope equals the weight
of the object.

Worked example 3.2B shows you how to draw and calculate the tension in a rope from a

hanging mass.

Worked example 3.2B

Tension in a vertical rope

A vertical rope is supporting a freely hanging mass of 12.0kg.

a Construct a labelled free-body diagram. (1 mark)

b Calculate the tension in the rope. Give your answer to an appropriate number of significant figures.

(3 marks)

T T

Step 1: Look at the cognitive verbs and mark allocation to
determine what the questions are asking you to do.

Step 2: Collect the given data and identify the quantity being
determined.

Step 3: Draw a correctly labelled free-body diagram. The
arrows should be of equal length and opposite in direction.
The horizontal arrow above the symbol for force (F) is
optional if the vertical arrows are correctly drawn. (1 mark
for “Constructs a correct free-body diagram identifying the

forces™)

Step 4: Equate the magnitudes of the weight and the tension.
(1 mark for “Identifies the equivalence of tension and

weight”)

Step 5: Select the correct formula, substitute in values and
calculate the unknown (Fg ). The direction is optional for
this intermediate calculation. (1 mark for “Uses correct
substitution to determine the weight”)

Step 6: Let tension be the same magnitude and in the
opposite direction to the weight force from Step 5. Give your
answer to an appropriate number of significant figures, in
this case 3 s.f. (1 mark for “Determines the correct answer”)

“Construct” means to display information in a
diagrammatic or logical form. It is 1 mark, so no
calculations need to be shown on the diagram.
“Calculate” means to determine or find a number or
answer by using mathematical processes. We must identify
the appropriate formula and use it to find an answer.
m=12.0 kg, g=9.8ms™2

We need to find the tension in the rope (F).

=)

N
F

T
12 kg

=
Fg: mg

y

(1 mark)

b F=F, (the magnitudes are equal, as the mass is not
accelerating, but are in opposite directions).
Alternatively:
=~
F.= —Fg (1 mark)

F =mg

4

=12.0 x 9.8 (1 mark)
= 117.6N downwards

F_.= 118N upwards (3 s.f.) (1 mark)

A vertical string is supporting a freely hanging brass pendulum bob. The tension in the string is 0.62 N.

a Construct a labelled vector diagram. (1 mark)

b Calculate the mass of the brass bob. Give your answer to an appropriate number of significant figures.

(2 marks)
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Challenge

A pulley puzzle

If you passed a rope through an overhead pulley and tied it around your waist, could you pull on the other
end and raise your body? (2 marks)

Tension on an object being accelerated

If you consider an object hanging at rest and imagine that the scaffold is a
crane that is accelerating the object upwards, the tension in the rope would
be greater as the net force would not be zero. The difference between the
tension and the weight would be the net force (Figure 8). Flinging a rock

upwards as in a trebuchet would be an example of this. E

T Tension in rope pulling

up on block
You could say that for the magnitudes of the forces:
F =F.-F,

n

ECONNNNSNNNNNNN

which can be rearranged:
_ _ m
FT - Fnct Fg
Alternatively, using vector symbols (remembering that the vector arrows
point in opposite directions):

ﬁ = ﬁ i ﬁ ‘F Weight of block pulling
net ! £ down on rope
Worked example 3.2C shows you how to calculate tension when there is

a net force.

FIGURE 8 If the tension in the rope is greater

than the weight, then the net force is upwards.

Worked example 3.2C

Tension in accelerated motion

A crane is lifting a 515 kg steel bin directly upwards using a chain hitched to the bin. The bin is accelerating
upwards at 1.20ms2. Construct a vector diagram and calculate the tension in the chain. Give your answer
to an appropriate number of significant figures. (4 marks)

T

Step 1: Look at the cognitive verbs and mark “Construct” means to display information in a diagrammatic or
allocation to determine what the question is asking logical form. “Calculate” means to determine or find a number
you to do. or answer by using mathematical processes. We must identify the

appropriate formula and use it to find an answer.

Step 2: Collect the relevant data from the question m = 515kg, g = 9.8ms? downwards or —9.8 ms
and state what quantity is to be found. We need to find the tension in the chain, F,.
Step 3: Draw a correctly labelled vector diagram, with
the tension arrow longer than the weight arrow. You ? 7 I?g
can show how the two vectors are added head to tail T T N
to produce a resultant, but this is optional. (1 mark 3 *1" et (esultant)
for “Constructs a free-body diagram of the forces 7 Vector sum
involved™) ¢
(1 mark)
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Step 4: Write the equation for finding the net force. F_=F.— Fg (for magnitudes) (1 mark)
It can be in vector notation with the arrow over the FE.=F_+ Fg

symbol for force or it can be written as a subtraction of = ma + mg

magnitudes. Replace F,_ with 1.2 X aand P;with mXg. =515%1.20 + 515 x 9.8 (1 mark)

(1 mark for “Provides appropriate mathematical =618 + 5,047

reasoning”; 1 mark for “Demonstrates correct =5,665N

substitution”)

Step 5: Complete the calculation. Give your answer to | /. = 5,670 N upwards (3 s.f.) (1 mark)
an appropriate number of significant figures, in this

case 3 s.f. Make sure you use the correct units and

that you state the direction. (1 mark for “Provides

correct answer”)

An elevator in a building has a mass of 4,850kg and is designed to have a maximum upwards acceleration of
0.67ms™2. Construct a free-body diagram and calculate the tension in the supporting cable when the
elevator is undergoing this acceleration. Give your answer to an appropriate number of significant figures.
(4 marks)

Redirecting tension forces with a pulley

You don’t always want to pull on a rope to move something towards the direction of the force.
Sometimes you want to move it away from you, or sideways (Figure 9). A pulley can be used
to redirect forces, particularly a weight force to a horizontally applied force — or through some
other angle. A pulley is a frictionless wheel used for redirecting forces without loss of energy

(Greek polos meaning “pivot” or “axis’).

Horizontal surface

FIGURE 9 Pulleys are used to redirect forces. FIGURE 10 A single frictionless pulley redirects the force but
doesn’t change its magnitude.

Consider a block that rests on a surface and is attached to a hanging weight by a massless
string (Figure 10). The block is being dragged along the horizontal surface by a weight
hanging on an inextensible (non-stretching) massless cord passing over a frictionless pulley.
The weight of the hanging mass is equal and opposite to the tension in the cord even though
the cord is horizontal where it is attached to the block.
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You can draw a free-body diagram of the arrangement showing the magnitude and names

of the forces acting on the hanging mass (Figure 11).

You can do the same for the forces acting on the sliding mass (Figure 12). The
magnitude of the tension force (F.) is, of course, the same in both cases. The label F, is used

for the force parallel to the surface.

N
Iy
my

Hanging ?
g

FIGURE 11 Free-body diagram for the vertical forces

Challenge

What reaches the pulley first?

The monkey in Figure 13 has the same
mass as the box. The monkey climbs a

rope. Will the monkey or the box reach
the pulley first? (2 marks)

What is applied force?

my
Sliding

FIGURE 12 Free-body diagram for the horizontal forces

o

=

Box 20 kg Monkey 20 kg

FIGURE 13 Will the monkey or the box reach the
pulley first?

applied force An applied force (F,) is a force applied to an object by a person or another object. It can

force applied to an
object by a person or
another object

be a push or a pull. For example, if you push a desk across the room, then your hands are
providing an applied force on the desk. If you pull a cart by a rope, then you are providing an

applied force through the tension in the rope on the cart.

We will now look at some specific examples of applied force.

How does applied force work?

Forces applied horizontally

Forces applied horizontally have no effect on the normal force of the object on the floor.
All the forces go into horizontal movement of the object (Figure 14).
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Pushing Pulling

FIGURE 14 (A) Pushing or (B) pulling horizontally has no effect on the normal force.

Forces applied at an angle

Pulling
Have you noticed that is always easier to pull a pram or lawnmower
backwards over rough ground? Likewise, it is easier to slide a box

by pulling rather than pushing. In the case of pulling, the vertical S S
. .. . Fyy = Fy cosf

component of the pulling force is directed upwards and tends to lift ‘ Box ’ HT A cos
the object upwards. A free-body diagram (Figure 15) shows how the /

-
applied force .(FA) has been res_)olved into th) components at rlgl'g FIGURE 15 The applied force I, is resolved into two
angles: a vertical component (F,) and a horizontal component (F ). components at right angles.
Pushing

If you have ever pushed a supermarket trolley or a lawnmower over bumpy ground, you
know that it is hard to push because you seem to be pushing it into the ground as well. What
is happening is that although some of your push is in the horizontal direction and moves
the object along, a component of your pushing force is directed downward towards the
ground, causing it to “dig in”. For exampl)e, consider a person pushing a box across a floor
(Figure 16). Some of the pushing force (¥,) goes into moving the box across the floor and
some of the force pushes the box down into the floor.

The free-body diagram in Figure 17 shows that the applied force has been resolved into
two components at right angles: a vertical component (£) and a horizontal component (F,).

- o
Fy=Fysing

0

- -
Box Fy = Fpcos b

FIGURE 17 Free-body diagram showing vector
FIGURE 16 Pushing at an angle components of the force on the box in Figure 16.

Worked examples 3.2D and 3.2E explore pulling and pushing an object horizontally.

Challenge

Navy destroyers

A World War II navy destroyer (ship) had a mass typically of about 2,000 tonnes. Imagine pushing away one
moored at a dock with your hands. It sounds impossible, but your challenge is to work out how long it would
take to shift it 30 cm with an applied force of 400N (typical of a senior student). Assume that the water offers
no friction. If you want to be more accurate, put a bathroom scale on the wall and see how hard you can
press, and use this figure in your calculation. This will usually be about 40kg. (3 marks)
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Worked example 3.2D

Pulling an object at an angle

An 80.0kg box is dragged across a concrete floor at constant speed

by means of a 416N (4.16 x 102N) force in a rope at an angle of s
30.0° to the floor (Figure 18). Calculate the (to an appropriate 30.0°
number of significant figures) the /
a vertical component of the applied force (include a labelled i
free-body diagram) (2 marks)
horizontal component of the applied force (3 marks)
weight of the box (1 mark) FIGURE 18 Pulling a box across the floor at

normal force acting on the box (2 marks) an angle

o o6 ¢

frictional force. (1 mark)

Step 1: Look at the cognitive verb and mark allocation to “Calculate” means to determine or find a number or
determine what the question is asking you to do. answer by using mathematical processes. For each part

we must identify the appropriate formula and use it to
find an answer.

Step 2: Draw a vector diagram showing the applied force a N - )
i i g Fj sin@ F, Applied force
resolved into two components at right angles. Derive formulas A
for the vertical and horizontal components. This is to help you
solve the problem, but no marks are given for the diagram. I?
f r -
! G Fp cos 0
Friction L 77 Motion
LY
Fg = mg
Step 3: Substitute values into the correct formula to calculate F, = F,sin0
the vertical component. Give your answer to an appropriate = 416sin30°
number of significant figures, in this case 3 s.f. Include the =416 x 0.5
. ddi . ] K for “Calcul h = 208N (1 mark) up (1 mark) (3 s.f.)
units and direction. (1 mark for “Calculates the correct F, = +208N (if up is +)
magnitude of the vertical component”; 1 mark for “Gives the
correct direction™)
Step 4: Substitute values into the correct formula to calculate b [, =F, cosf
the horizontal component. Give your answer to an appropriate = 400co0s30° (1 mark)
number of significant figures, in this case 3 s.f. Include the = ‘3‘2013 0.866 . he righ . ¢
units and direction. (1 mark for “Identifies the appropriate = 346N (1 mark) to the right (1 mark) (3 s.f.)
formula”; 1 mark for “Calculates the correct magnitude of
the horizontal component correctly”; 1 mark for “Gives the
correct direction™)
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Step 5: State the formula for weight, and substitute in the
given values to calculate the weight. Give your answer to an
appropriate number of significant figures, in this case 3 s.f.
Include the units and direction. (1 mark for “Calculates the
weight correctly”)

Step 6: State the formula for the normal force, remembering

that the weight is downwards but the applied force is upwards.

Substitute in the known values to calculate the weight. Give
your answer to an appropriate number of significant figures,
in this case 3 s.f. Include the units and direction. (1 mark for
“Identifies the relationship between the forces”; 1 mark for
“Calculates the answer correctly”)

Step 7: The speed is constant so you can say that the net force
is zero and thus the frictional force must equal the horizontal
component of the applied force. No need to specify direction
as it is shown on the diagram (i.e. to the left). (1 mark for
“Provides correct answer”)

c Fg= mg
=80.0x9.8
= 784N down
F = —=784N (if up is +) (1 mark)

4

d Forces are balanced in up and down direction so
F _=0.
et

’ = = =
F,=0=F +F +F,

0= F_+ (~784) + 208 (1 mark)
F, =784 -208

=+576N or 576 N up (1 mark)

e Frictional force I, = 346N (because I, = I, when
speed is constant) (1 mark)

A 650¢g block of wood is dragged across a laboratory bench at constant speed by means of an applied force

of 4.2N in a string at an angle of 25.0° to the horizontal benchtop. Calculate (to an appropriate number of

significant figures) the

a vertical component of the applied force (include a labelled vector diagram) (2 marks)

horizontal component of the applied force (3 marks)
weight of the block of wood (1 mark)
normal force acting on the box (2 marks)

o o6 o

frictional force. (1 mark)

Worked example 3.2E

Pushing an object horizontally

A person pushes an 80.0kg box across a concrete floor at constant
speed. They exert a force of 810N through their arms at 30.0° to the
floor (Figure 19). Calculate (to an appropriate number of significant

figures) the

a vertical component of the applied force (include a labelled vector

diagram) (2 marks)

horizontal component of the applied force (2 marks)
weight of the box (1 mark)

normal force (2 marks)

o o6 o

frictional force. (1 mark)
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Step 1: Look at the cognitive verb and mark allocation to
determine what the question is asking you to do.

Step 2: Collect the data given in the question.

Step 3: Draw a labelled vector diagram showing the applied
force resolved into two components at right angles. This is
to help you solve the problem, but no marks are given for the
diagram.

Step 4: Select the correct formula and calculate the vertical
component of the applied force. State the direction. Give your

answer to an appropriate number of significant figures, in this

case 3 s.f. (1 mark for “Calculates the magnitude of the vertical
component”; 1 mark for “Identifies the direction of the vertical

component”)

Step 5: Select the correct formula and calculate the horizontal
component of the applied force. Give your answer to an
appropriate number of significant figures, in this case 3 s.f.

(1 mark for “Calculates the magnitude of the horizontal
component”; 1 mark for “Identifies the direction of the

horizontal component™)

Step 6: Select the correct formula and calculate the weight
of the box. Give your answer to an appropriate number of

significant figures, in this case 3 s.f. (1 mark for “Calculates the

weight correctly”)

Step 7: Calculate the normal force. (1 mark for “Identifies the

relationship between forces”; 1 mark for “Calculates the normal

force correctly™)

Step 8: Calculate the frictional force. Give your answer to an
appropriate number of significant figures, in this case 3 s.f.

No need to specify direction as it is in the diagram (i.e. to the
right). (1 mark for “Calculates the frictional force correctly”)
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“Calculate” means to determine or find a number or
answer by using mathematical processes. For each part
we must identify the appropriate formula and use it to
find an answer.

a Applied force I, = 810N to the right at an angle 0 of
30° to the floor.

FA sin 6 FA Applied force
Motion 9
- Fp cos 6
ol N
Fg =mg
F,=F,sin0
=810sin30°
=810x% 0.5

=405 N (1 mark) down
=—405 N (if up is +) (1 mark)

b F,=F, cosf
=810 cos 30°
=810 X 0.866
=701 N (1 mark) to the left (1 mark) (3 s.f.)

c Fg = mg
=80.0x9.8
= 784N down

Fg = —784N (if down is —) (1 mark)

d Forces are balanced in up and down direction so
F _=0.

ne[_ B R R R
FM—O—FN+F£F+FV
0= F_+ (~784) + (-208) (1 mark)
F, =784+ 208
=+1,192N or 1,192 N up (1 mark)

e The frictional force is equal to the horizontal

component as it is at constant speed.
F,=701N (1 mark)
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A person pushes a 650 g block of wood across a benchtop at constant speed. They exert a force of 8.37N
through their arms at 30.0° to the floor. Calculate (to an appropriate number of significant figures) the

a vertical component of the applied force (include a labelled vector diagram) (2 marks)
horizontal component of the applied force (2 marks)
weight of the block of wood (1 mark)

normal force (2 marks)

o o6 o

frictional force. (1 mark)

Sufficient and relevant data

Science inquiry skills: Evaluating evidence (Lesson 1.8)
In any experiment you need to ensure that you collect sufficient and relevant data to be able to analyse the
data effectively and draw a justified conclusion. “Sufficient” means you have enough data points to be able to
draw an accurate line of best fit, and sufficient replicates to reduce the random error for each data point.

In an experiment to measure the acceleration of a 950 g trolley across a horizontal table, hanging masses
were attached to a string over a pulley as shown in Figure 20. Hanging masses of 25g, 50g and 75 g were
used, and the time taken to travel 50 cm was measured for five repetitions.

Photogate 1 Photogate 2

Flag I I

Motion trolley Pulley

Motion track

Brass weights

FIGURE 20 Experimental setup to measure acceleration of a trolley

Hanging Time to travel 50 cm, t (s)

mass (g) Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average
25 2.50 1.97 1.99 2.01 1.50 1.99
50 1.44 1.42 1.43 1.40 1.46 1.43
75 1.20 1.22 1.18 1.14 1.16 1.18

Practise your skills

1 Identify the independent and dependent variables. (2 marks)
2 Judge whether there is sufficient data to draw a justified conclusion. (2 marks)

3 Assess any limitations of the conclusion based on the uncertainty in the results. (2 marks)
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Check your learning 3.2

Check your learning 3.2: Complete these questions online or in your workbook.

Retrieval and comprehension

1
2

7

Define “friction” (in one sentence). (1 mark)

Recall whether a tension force can be a push,

a pull or both. (1 mark)

An object is being pulled along a horizontal

surface by a rope at an upwards angle to the

horizontal. Explain whether the normal force

is greater or less than when the object is at rest.

(2 marks)

Describe Newton’s second law without using a

formula. (1 mark)

A certain type of cotton thread will break when

the tension force on it reaches 4.5N. A 1.5kg

block is pulled horizontally along a frictionless

surface by the string. Calculate the maximum

acceleration possible (2 s.f.). (1 mark)

A 1.0kg block of wood is dragged along a

benchtop by a string to which a horizontal force

of 15.0N is applied. A frictional force of 10.0N is

acting.

a Describe the motion of the block (2 s.f.).
(2 marks)

b Calculate the tension in the string (2 s.f.).
(1 mark)

A 1.5kg block is made to accelerate along a

horizontal surface at 2.0ms= to the right by a

horizontal force of 5.0N.

a Construct a free-body diagram. (2 marks)
b Calculate the frictional force that is acting
to oppose this motion (2 s.f.). (2 marks)

A student uses a spring balance connected to a
string at 30° to the horizontal to drag a wooden
block along a laboratory bench at constant speed.

The reading on the balance is 220 g.

a Construct a free-body diagram. (1 mark)

b Calculate the frictional force between the
bench and the block (2 s.f.). (3 marks)

112 PHYSICS FOR QUEENSLAND UNITS 3 & 4

Analytical processes
9 A small block is dragged along a horizontal

surface at constant speed by a force of 5.0N.
Determine the magnitude and direction of the
frictional force (2 s.f.). (2 marks)

10 Determine if the following statement is

true: “Friction only applies between two surfaces
if they are accelerating past one another.”
(2 marks)
A man drags a 20kg box across a horizontal
concrete floor at constant speed using a rope at
an angle of 30° to the floor. The applied force in
the rope is 100N. Determine (2 s.f.) the
a vertical component of the applied force
(include a labelled vector diagram) (2 marks)
b horizontal component of the applied force
(2 marks)
¢ weight of the box (1 mark)
normal force acting on the box (2 marks)

e frictional force. (1 mark)

Knowledge utilisation

12 A set of brass masses rests on a laboratory balance

that reads 452 g. A piece of string tied to the
masses at an angle of 30° to the vertical is pulled
gently, and the reading on the balance is reduced
to 415¢g.
a Propose a reason for this observation.
(3 marks)
b Determine the tension in the string (2 s.f.).
(2 marks)

13 A set of brass masses rests initially horizontal on

an electronic laboratory balance that reads 494 g.

The balance is tilted slightly, and the balance now

reads 412 ¢g.

a Propose a cause of this change in scale
reading. (1 mark)

b Calculate the angle the balance makes with
the benchtop (2 s.f.). (3 marks)
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Lesson 3.3
Forces on an inclined plane

Key ideas

— Aninclined plane or ramp is a flat surface raised at one end, used as an aid for raising
or lowering a load.

— The force from gravity can be resolved into two vectors, one perpendicular to the plane
and one parallel to the plane.

— The component of the gravitational force in the perpendicular direction (mg cos 6)
must be equal and opposite to normal force exerted by the plane, f, as there is no
movement perpendicular to the plane.

— The component of the force from gravity parallel to the surface is mgsin 0. If it is
greater than the frictional force F, then the body will accelerate down the inclined
plane.

What is an inclined plane? @

Inclined planes provided one of the first methods for studying accelerated motion. The Italian | earning intentions
scientist Galileo Galilei (1564—-1642) realised that measuring the rate of free-falling objects and success criteria
was difficult, as no accurate timing devices were available, especially for the short durations

experienced in a laboratory. Galileo reasoned that free-fall was just a special case of an

inclined plane for which the angle was 90°. He argued that acceleration still occurred on an inclined plane
inclined plane but that only the component of the acceleration along the track was effective zia;zri‘s":drzi::: :d
in producing motion. The component perpendicular to the track was unable to produce for raisi;g ot lowering
motion as there was a surface in the way. By using a shallow angle, Galileo was able to study aload

motion but at a greatly reduced rate. This gave the world an understanding of what he called

“uniformly accelerated motion”.

FIGURE 1 Using an inclined plane lessens the effort needed to raise an object, although the path length is greater.
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Study tip

You can use any

valid mathematical
technique to get a
solution, such as i, j, k
vector matrices.
However, if you use
methods any more
complicated than
algebra and you make
a mistake, the marker
may not be able to
follow your steps. In
this case you may

not be awarded part
marks because they
couldn’t work out
what you did.

Study tip

For an object on

an incline, the two
components of its
weight are:
F,=mgsing
Fy=mgcos 0.

It is handy to know
these two equations
off by heart. They are
not formulas that will
appear in the QCAA
Formula and data
book.

Bo Campion Education (Aust) Pty Ltd on 13/08/2025 under licence.

How are forces on an incline resolved?

Galileo’s analysis of the forces acting on an inclined
plane are as good today as they were in 1589. When
an object is placed on an inclined plane, its weight

still acts vertically, but this is no longer perpendicular

to the surface. The weight force can be resolved into
components at right angles: one parallel and the
other perpendicular to the surface of the incline
(Figure 2).

In the diagram, the weight of the object (Fg = mg)

has been resolved into two components at right angles:

Parallel component: F, (or F‘ I) = F sin6
= mgsiné
Perpendicular component: F, = Fgcose

= mgcosf

Fg: mg

FIGURE 2 Components of forces on an

Note the use of the subscripts 1 for perpendicular, and || or P for parallel.

Note also that the normal force (F))) is equal and opposite to the force perpendicular to

the plane (Fg cos ) because there is no acceleration in that direction; thus, F,, = mg cos0.

Challenge

Initial acceleration

With the automatic gearbox in “drive”, a 1,200 kg car will remain stationary facing

uphill on a 5° slope. What would its initial acceleration be on the flat (assuming the

driver’s foot was not on the accelerator)? (2 marks)

How do | perform vector analysis for inclined planes?

An object can move up or down an incline, and it can do so with or without friction. That gives

four possible combinations, and these represent four situations found in everyday life. You will

examine each of these for their particular features and approaches to problem-solving.

Object moving down an incline with no friction

An object placed on a smooth (frictionless)

inclined plane will accelerate down the plane. The
accelerating force is provided by the component of
the object’s weight in a direction down the plane, F,
(Figure 3). There are no frictional forces to slow its
motion. It is difficult to avoid friction completely,
but in factories trucks are often loaded by allowing
boxes to slide down an incline made of zero-
friction rollers. Objects can slide down them very
fast. Rollercoasters have very low friction, especially
when it rains. In fact, when it rains, amusement
parks often have to stop rollercoasters as they get
too fast (Figure 4).
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FIGURE 3 Free-body diagram — no friction
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FIGURE 4 The roller-coaster is descending an almost frictionless incline.

Forces parallel to the plane: The net force F__ is the sum of all forces parallel to the
plane. However, there is just the one force, F,,, so it is the net force:

F F

net  © P°

ma = mgsind, and cancelling out the m term:

and applying Newton’s second law, F, = ma, so:

a=gsind

That is, acceleration down the incline equals the free-fall acceleration g multiplied by siné.

You can also say the acceleration is independent of the mass of the object in this very
specific case (no friction).

In Worked example 3.3A, you will analyse an object sliding down an incline with no

friction. study tip
. . . . . L. When the forces on
Object moving up an incline with friction an object are equal

(i.e. the net force
It is more usual to have friction on an incline, and friction always opposes motion. A children’s is zero), there is no
acceleration. This

slippery slide is a good example of this.
doesn't necessarily

The component of the child’s weight down the incline, F,, causes the child to move mean the object is
down the slide, but friction, F,, acts upwards along the surface, opposing this motion. at rest; it could be
If F. = F., there will be no net force and the child will not accelerate — the child will either moving at a constant

[ ) ) . velocity.
remain stationary or travel down the slide at constant speed (Figure 5). Students often think
that if the opposing forces on an object are equal, there is no motion. This is wrong — there
is no acceleration, but the object may continue at constant speed or stay at rest (which is a
constant speed of zero anyway).

FIGURE 5 Free-body diagram of an object on an FIGURE 6 A slippery slide has very low friction but
inclined plane with friction present there is still some that acts up the incline as the child
slides down.
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Worked example 3.3A

Sliding down an incline with no friction

A 15.0kg bag of fertiliser is allowed to slide freely down a smooth (frictionless) incline that is at 30.0° to the

horizontal.

a Construct a labelled free-body diagram of the forces. (2 marks)

b Calculate the net force parallel to the incline. Give your answer to an appropriate number of significant
figures. (2 marks)

c Calculate the acceleration of the bag of fertiliser. Give your answer to an appropriate number of
significant figures. (2 marks)

I
Step 1: Look at the cognitive verbs and mark allocation “Construct” means to display information in a
to determine what the questions are asking you to do. diagrammatic or logical form, in this case to construct a
free-body diagram. “Calculate” means to determine or find
a number or answer by using mathematical processes. For
each part we must identify the appropriate formula and use
it to find an answer.
Step 2: Collect the relevant data and draw a labelled a m=15.0kg, 0 =30.0°
free-body vector diagram with the weight resolved into 12N
its perpendicular components. Note: it is good to get into
the habit of drawing a simple free-body diagram to show
the forces. Often with these questions, a mark is awarded
for a correctly drawn and annotated diagram. (1 mark
for “Draws a free-body diagram of the forces involved”;
1 mark for “Forces are correctly identified or labelled”)

Step 3: Identify the appropriate formula and substitute b F =F

net P

in the known values. Complete the calculation. Give = mgsin0

15.0 X 9.8 x sin30.0°
=73.5 N (3 s.f.) (1 mark) down the incline (1 mark)

your answer to an appropriate number of significant
figures, in this case 3 s.f. Check that you have included
the correct units. As force is a vector quantity you
need to state the direction. (1 mark for “Calculates
correct magnitude”; 1 mark for “Identifies the correct

direction”)
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Step 4: Use the Newton’s second law formula to ¢ F _ =ma

calculate the acceleration. Substitute the known values 73.5=150%a

into the equation and solve for a. Give your answer a= % (1 mark)

to an appropriate number of significant figures, in =4.90ms™? (1 mark)

this case 3 s.f. Use the correct units. As acceleration
is a vector quantity you normally need to state the
direction; however, in this case the question states the
direction so only the magnitude is required. (1 mark
for “Demonstrates correct substitution”; 1 mark for

“Provides correct answer”)

A 650¢g cart is placed on an incline that is at 15.0° to the horizontal.
a Construct a free-body diagram of the forces. (2 marks)

b Calculate the net force parallel to the incline. Give your answer to an appropriate number of significant
figures. (2 marks)

¢ Calculate the acceleration of the cart. Give your answer to an appropriate number of significant figures.
(2 marks)

Worked example 3.3B

Sliding down an incline with friction

A 34.0kg child sits on a slippery slide that has an angle of elevation of 40.0° to the horizontal. If the frictional
force is 110N (1.10 X 10?2N), determine the acceleration of the child down the incline. Show your working.
Give your answer to an appropriate number of significant figures. (5 marks)

I
Step 1: Look at the cognitive verb and mark allocation to “Determine” means to establish after a calculation. For
determine what the question is asking you to do. 5 marks there will be many steps so we must identify the

appropriate formulas and relationships and use them to
find an answer.
Step 2: Gather the relevant information and draw a labelled m = 34.0kg, F,= 110N, 0 = 40.0°
free-body vector diagram with the weight resolved into
its perpendicular components. Include a vector arrow for
friction up the plane. We don’t yet know if friction is equal
to, or less than, I/, so we can just make the arrow the same
length. Friction can never be greater than [, as the child
would move in the direction of friction, which is nonsensical.
A diagram is necessary as a part of “show working”. (1 mark
for “Constructs a free-body diagram of the forces involved™)

(1 mark)
Step 3: Determine the parallel component of the weight F, = mgsin0
down the incline, I7,. Identify the appropriate formula and =34.0 x 9.8 x sin40.0°
substitute in the known values. Complete the calculation. =214 N (1 mark)
(1 mark for “Determines the parallel component™) }
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Step 4: The other force acting along the plane is friction, FE_=F,-F
which acts in the direction opposing motion. So, friction =214 -110
acts up the incline. Thus, the net force, I, equals the I, = 104 N down the incline (1 mark)
component of weight minus the frictional force, F;. Identify
the appropriate formula and substitute in the known values.
Complete the calculation. As force is a vector quantity you
need to state the direction. (1 mark for “Calculates the net

force and states the direction”)

Step 5: Use the Newton’s second law formula to calculate the | F =g

net

acceleration. Substitute known values into the equation and _E,

solve for a. Give your answer to an appropriate number of a= ;7(’)4

significant figures, in this case 3 s.f. Use the correct units. =340 (1 mark)

As acceleration is a vector quantity, a direction must be = 3.06ms™ down the incline (3 s.f.) (1 mark)

stated. (1 mark for “Demonstrates correct substitution™;
1 mark for “Provides correct answer”)

A 650g block of wood is placed on an incline that has an angle of elevation of 35.0° to the horizontal. If the
frictional force is 3.03 N, determine the motion of the block. Show your working. Give your answer to an
appropriate number of significant figures. (3 marks)

Real-world physics

Designing roads for steep hills

Road engineers are often faced with questions like

“I have a client who would like to build their house on
a site with a very steep access — about 16°. Is this too
steep for a road?”

Queensland road design rules specify a maximum
gradient of 9° for suburban roads, but it does depend
on the average speed of traffic. Higher speed means
lower gradient. Road gradients are designed so people
can drive safely on them and to minimise the risk of
accidents. The steepest public road in Queensland is

Gower Street, Toowong, Brisbane, with an incline of
17.4°. The steepest public road in the world is Baldwin
Street in Dunedin, New Zealand, at 22.5° (Figure 7).
For a car not to slide down a road, the component
of the weight down the incline (img sin @) must be no greater than the friction (F,) acting up the incline. The
friction when sliding depends on the road surface and the tyres of the vehicle. This friction is proportional
to the perpendicular component of the weight (g cos@) pressing the vehicle to the road. Typically, for
slippery conditions such as rubber tyres on wet bitumen, the constant of proportionality (also known as
the coefficient of friction) is about 0.4. This means the friction on a 1,500kg car on a 9° gradient is:
0.4 x 1,500 x 9.8 x cos 9° = 5,800N. Let’s compare that to the component of the weight down the incline,
which is 1,500 x 9.8 x sin 9° = 2,300 N. So, theoretically friction is enough at this angle to stop the car
sliding. This means the road would be suitable under most conditions.

FIGURE 7 The world’s steepest public road is Baldwin St,
Dunedin, in New Zealand.
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If we try the same calculations for Gower Street in Brisbane:

F,=mgsin0 = 1,500 x 9.8 x sin 17.4° = 4,400N

F.=0.4 % 1,500 x 9.8 x cos 17.4° = 5,600 N.

The friction is still greater than the parallel component of the weight of the car, but you

would want to be careful in wet weather. In dry weather the coefficient is about 0.7, so
F.=0.7 x 1,500 x 9.8 x cos 17.4° = 9,800 N, which is perfectly safe.

Apply your understanding

1 Determine whether Baldwin Street in Dunedin is safe for a 1,500kg car in wet
weather where the frictional force is 5,400 N. Baldwin Street has a gradient of
22.5°. (3 marks)

2 Determine what amount of friction (in N) would be 100N less than the parallel
component of the weight, F,. (2 marks)

Note: questions about the coefficient of friction will not appear on your QCAA
external exam.

What forces act on an object pulled up an incline
with no friction?

Objects can also be forced to move up an
incline, such as when boxes are moved by
trolley up a ramp into the back of a truck, or
the carts in a coal mine are dragged up a rail
line to the surface by a force applied to the
end of a cable. The Swiss funicular is a train
carriage that has a cable that pulls it up to the
top of a mountain (Figure 8).

In a coal mine, for instance, the applied
force creates a tension (F) in the cable that
overcomes the weight component of the cart
acting down the plane. The cart will usually
also have friction to oppose its motion, but
first we will look at scenarios without friction

) FIGURE 8 A Swiss funicular is used to reach the top of a mountain
(Figure 9). and uses a cable to pull the carriage up the incline.

If the cart is at rest or the velocity is
constant, the net force acting up the plane will be
zero so the tension in the cable, I, up the incline will
equal the parallel component of the weight force, F,,,
down the incline, i.e. F..= F,.

F = F. - F, =0 (constant velocity, including
stationary)

However, when the tension in the cable is greater
than the weight force down the incline, i.e. F.. > F,,,
there will be a net force on the cart, and it will

accelerate up the incline: FIGURE 9 Free-body diagram of an object
F  =F,. - F,=ma (accelerating up the incline) pulled up the incline (no friction)
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Study tip

Just because a

block on an incline

is heavier than the
hanging mass, it
doesn't mean the
block will move down
the incline. It depends
on the angle too.

Using a hanging or falling mass to provide the applied force

Instead of using an applied force such as a motor to provide tension in the cable to pull an
object up an incline, the stored energy of a falling mass can do the same thing. The Egyptians
developed a version of this to shift blocks of stone up inclines using a device called a “rope-
roll”. Weights are sometimes used to provide tension to overhead power lines for trams and
railways using the same principle (Figure 10).

FIGURE 11 Free-body diagram of an object on
FIGURE 10 Counterweight blocks provide tension to an inclined slope with force applied using hanging
overhead wires for electric trains. masses

The free-body diagram in Figure 11 shows a cable connected to an object on an incline.
The cable passes over a frictionless pulley at the top. A large hanging mass, 2, provides a
force up the incline. The balance between F.. and F, will determine the direction in which the
block moves, or if it moves at all.

The weight of the hanging mass m, can be calculated as ng = m,g. The symbol ng is
used to distinguish it from F., which is the weight of the object on the incline. The weight of
the hanging mass provides the tension force, I, in the cable, and if it is large enough it will
pull the block up the incline. If the weight of the hanging mass just equals the force on the
block down the incline, F,, the block will stay at rest, or if given a small push will continue
to move at constant speed in that direction. If the weight of the hanging mass is less than the
force down the incline, F,, the block will accelerate down the incline, but not as fast as if the
hanging mass wasn’t there. These three scenarios can be summed up thus:

* tension force > force down the incline, F.. > F,: object will accelerate up the incline
* tension force = force down the incline, F.. = F: object will remain stationary on the
incline or continue moving at constant speed

* tension force < force down the incline, F.. < F: object will accelerate down the incline.

Angle of elevation and hanging mass

As you increase the angle of the incline (the angle of elevation), the normal force decreases
but the parallel component of the object’s weight, I7,, down the incline increases. That is, the
steeper the incline, the greater the acceleration of the object. You can measure the downward
force, F,, by connecting a hanging mass over a pulley at the top and adjusting the hanging
mass until the object on the incline moves neither up nor down. At this point, F, = ng (the
weight of the hanging mass).
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FIGURE 12 Apparatus for investigating forces on an inclined plane

This can be demonstrated using the apparatus shown in Figure 12. Masses are added to
the hanging pan on the left to keep the frictionless trolley stationary on the incline. As the
angle is increased, the component of the weight down the incline increases and thus more
mass has to be added to the pan to keep the trolley stationary. For example, a 200 g trolley on
an incline could have results like those in Table 1.

TABLE 1 Parallel component of weight on an inclined plane

Angle of elevation, 0 (degrees) 10° 20° 30° 40°
sin @ 0.17 0.34 0.50 0.64
Mass of hanging mass, m, (g) 34 68 100 128
Weight of hanging mass, F,, (N) 0.33 0.67 0.98 1.25
Force down incline, F, (N) 0.33 0.67 0.98 1.25

It is immediately obvious that there is a relationship between the angle of elevation and
the parallel component of the weight (equal to the weight of the hanging mass); that is, as you
increase the angle, you increase the hanging mass needed. It looks almost linear, but it is not.
The parallel component (the weight of the hanging mass) is proportional to the sine of the
angle (F, « sin®). You can see this more clearly in Figure 13.

1.4 i i

y=1.9561x + 0.0006
R? = 0.9999 -7

0.6 2

0.4 —

Force down incline, FP N)
(=]
e
\

0.2 =

0.0 k=
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

sin 6

FIGURE 13 Relationship between the sine of the angle of an incline and the force down the incline

The gradient for the graph is 1.9561 and is equal to Sf% From our theoretical equation
F, = mg sin0, we see that this should equal mg. The gradient divided by the mass of 0.200kg
gives 9.78 Nkg!, which is equivalent to 9.78 ms=. This is very close in magnitude to the accepted
value of g of —=9.81 ms~ for Queensland. Remember, of course, that this is an experimental

Study tip

The idea shown here
forms the basis of one
of the approaches

in the practical “The
parallel component
of the weight of an
object on an inclined
plane”. It uses freely
hanging masses over
a pulley to provide

a force equal and
opposite to the
parallel component
of weight down the
incline. This would
be a good candidate
for modifying for a
student experiment.

Study tip

As 0 gets bigger, sin 0
gets bigger but cos

value for g. The QCAA Physics Formula and data book uses the value of g as —9.8 ms= and gets smaller.
you should always use that value in your calculations.
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Challenge

Graphing elevation

Construct a graph of an angle of elevation (from 0 to 90°) on the horizontal axis, and sin € on the vertical
axis. On the same graph, plot cos 6 on the vertical axis. Note their shapes. (2 marks)

Worked example 3.3C

Object pulled up an incline with no friction

A 525kg coal cart is pulled up a 25.0° incline by a cable. Ignoring any friction, if the cart moves up the
track at constant speed, calculate the tension in the cable. Give your answer to an appropriate number of
significant figures. (3 marks)

Step 1: Look at the cognitive verb and mark allocation to “Calculate” means to determine or find a number or
determine what the question is asking you to do. answer by using mathematical processes. For each of

the three steps we must identify the appropriate formula
and use it to find an answer.

Step 2: Gather the relevant data and draw a labelled free- F__ =0 (constant speed), m = 525 kg, 6 = 25.0°

net

body vector diagram showing the weight resolved into its
perpendicular components and tension acting up the incline.
The truck is moving at constant speed, so there is no net force
and the arrow for tension, F, will be the same length as the
arrow for the parallel component of the weight, F,. (1 mark for
“Constructs a free-body diagram of the forces involved™)

(1 mark)
Step 3: Calculate the component of the weight acting down the | F, = mgsin0
incline. (1 mark for “Calculates the parallel component of the =525 % 9.8 X sin25°
weight down the incline™) = 2,174 N down the incline (1 mark)

Step 4: As the truck is moving at constant speed, there is no net = F__ = 0, so speed is constant.

net
force. State this and then equate the tension and F,. Give your F. = F, (equal and opposite)
. . e . . . (1 mark)
answer to an appropriate number of significant figures, in this F.=2,174N
case 3 s.f. Use the correct units. As tension (a force) is a vector = 2,170N (3 s.f.) up the incline
quantity, you need to give a direction (up the incline). (1 mark
for “Identifies the relationship between tension and the parallel

component and provides correct answer’)

In a laboratory experiment, a spring balance attached to a length of string was used to pull a 650¢g cart up a
15.0° incline at a constant speed. Ignoring friction, calculate the tension in the string. Give your answer to
an appropriate number of significant figures. (3 marks)
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Worked example 3.3D

Object pulled up an incline by a hanging
mass with no friction

Pulley

A 525kg coal cart, m,, is pulled up a 25.0° incline Coal cart
by a cable over a pulley at the top. A hanging mass,
m,, of 300kg (3.00 x 10°kg) is used to provide the
applied force in the cable (Figure 14). Ignoring

friction, determine (to an appropriate number of

significant figures) the

Hanging
mass

a acceleration of the coal cart, m, (5 marks)

b tension, F, in the cable between m, and m,.

FIGURE 14 Coal cart pulled up an incline by a hanging mass

(2 marks) attached to a cable
Step 1: Look at the cognitive verb and mark allocation @ “Determine” means to establish after a calculation. So, for
to determine what the question is asking. 5 marks in part a, we must consider the scenario and then find
a numerical answer using mathematical processes and showing
working.
Step 2: Gather the relevant information and draw a a

. . . Tensi
labelled free-body diagram showing any forces acting, ension

including tension. Note that a labelled diagram can

be worth marks, even if no further calculations are
made. This is evidence of “showing working”. (1 mark
for “Constructs a free-body diagram of the forces

involved™)

(1 mark)
Step 3: Identify the relevant formula. Calculate the F, = m gsin0
force down the incline due to the mass of the coal cart =525 % 9.8 X sin25°
m,. This is F,. (1 mark for “Calculates the parallel = 2,174N (1 mark)
component™)
Step 4: Calculate the force on ., up the incline due Fg , =m,g
to the hanging mass. This is force F;Q. This force is =300%9.8
redirected by the pulley, and it pulls on , through = 2,940N (1 mark)

tension in the cable up the incline. (1 mark for

“Calculates the pulling force”)

Step 5: Calculate the net force. The force up the incline F, = F, PR 08

(2,940N) is greater than the force down the incline F_ =2,940 - 2,174

(2,174N), s.o the dl.fference is the r?et f.orce on the = 766N up the incline (1 mark)
system. This force is on ., up the incline and on m,
towards the ground. (1 mark for “Provides appropriate

mathematical reasoning™) }
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Step 6: This net force of 766 N provides the E,_
. a= 55—
accelerating force of the system of two masses, so Mo
. _ 766
we need to consider the total mass of the system =355+ 300

(m, + m, = 525kg + 300kg). Calcu?ate the acceleration = 0.928ms™ up the incline (3 s.£) (1 mark)
of the system of the two masses. Give your answer to an

appropriate number of significant figures, in this case

3 s.f. State your answer with units and direction.

(1 mark for “Provides correct answer™)

Step 7: The tension, F, in the cable acts on 2, and b F _ =F.—mgsind (1 mark)

m,. Either can be used to find a solution, and in this m a

E.—m gsin0
case, we will use m,. The force up the incline on m, is

2
|

=m,a+m gsin0
525%0.928 + 2,174
= 2,660N (3 s.f.) (1 mark)

provided by the tension in the cable, I}, and the force

down the incline is from the parallel component of the
weight of m (F, = m, X g X sin 25°). The difference
between I and I, is the net force, which is equal to

m, X a (Newton’s second law) and is up the incline.
Give your answer to an appropriate number of
significant figures, in this case 3 s.f. (1 mark for
“Identifies the relationship between the various forces”;
1 mark for "Provides correct answer”)

In a laboratory experiment with a setup as in Worked example 3.3D, students placed a cart of mass 650¢g on
a 30.0° incline. The cart was pulled up the incline by a light string over a pulley at the top. Attached to the
string was a hanging mass of 436 g. Ignoring friction, determine (to an appropriate number of significant
figures) the

a acceleration of the cart on the incline (5 marks)

b tension in the string. (2 marks)

What forces act on an object pulled up
an incline with friction acting?

A more likely scenario is one in which friction is acting to oppose motion as an object is
pulled up an incline. The forces acting down the incline will now be F, and F, and the forces
acting up the incline will be the applied forces via the tension in the cable (Figure 15). This is
explored in Worked example 3.3E.

L, FgZ

FIGURE 15 Free-body diagram. Friction acts to oppose motion — motion up, friction down.
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Worked example 3.3E

Object pulled up an incline by a hanging mass with friction

A cart in a mine is pulled up a 20.0° incline by a cable

attached to a hanging mass over a frictionless pulley system.

The filled cart, m,, has a mass of 750kg, and the frictional

force is 1,036 N. The hanging mass, ,, has a mass of 383 kg

(Figure 16).

a Construct a labelled free-body diagram to show the
relevant forces. (2 marks)

Pulley

Hanging

b Determine the acceleration of the cart. Give your answer masees

to an appropriate number of significant figures. (4 marks)

¢ Determine the tension in the cable. Give your answer to an  FIGURE 16 A hanging mass pulls a mine cart up
an incline.

appropriate number of significant figures. (2 marks)

T S,
Step 1: Look at the cognitive verbs and mark allocation to “Construct” means to display information in a
determine what the questions are asking you to do. diagrammatic or logical form — so for 2 marks it needs to be
a free-body diagram with properly labelled force vectors.
“Determine” means to establish after a calculation. So,
for 6 marks, we must consider the scenario and then find
a numerical answer to many steps using mathematical
processes and showing working.
Step 2: Gather the relevant information and draw a free- a
body diagram similar to Figure 15 in this lesson. Your
diagram should include the component of the cart’s weight
down the incline, the friction down the incline, the tension
in the cable, and the gravitational force acting on the
hanging mass. Forces should be labelled correctly. (1 mark
for “Constructs a free-body diagram of the forces involved”;
1 mark for “Identifies the forces”)

(2 marks)

Step 3: To determine the acceleration, we need to calculate b F, =F,+F,

the net force. First, determine the total force down the = 2,514 + 1,036

incline by adding F/, and F,. (1 mark for “Determines the = 3,550N down the incline (1 mark)

total force down”)

Step 4: Calculate the weight of the hanging mass using Fg , = M,g

F = mg. (1 mark for “Calculates the weight of the hanging =383 %X 9.8

mass”) = 3,753N (1 mark)

Step 5: Calculate the net force. This is the force up the F.=F, —F,

incline due to the hanging mass minus the force down the = 3,753 + 3,550

incline. (1 mark for “Calculates the net force”) = 203N up the incline (1 mark) }
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Step 6: Calculate the acceleration using Newton’s second F

net

. . a

law. The net force provides acceleration to the whole system Mo
_ 203

made up of the two masses, so you need to use the total =550+ 333
mass in your calculation. The total mass of the system is =0.179ms2 up the incline (1 mark)
the sum of 7.2, and m,. Give your answer to an appropriate
number of significant figures, in this case 3 s.f. Include the
correct units. Normally you would state the direction of
the acceleration as it is a vector quantity, but in this case
the question says it is up the incline, so you can omit the
direction, although you will not be penalised if you provide

it. (1 mark for “Provides correct answer”)

Step 7: The tension in the cable, I, acts on m, and m,. ¢ F (m)=F.-F_ . .
Either can be used in arriving at a solution, and in this case ma=F.—F, (1 mark)
1 T down incline
we will use m,. The force up the incline on 2, is provided F =ma+F
T 1 down incline

by the tension in the cable, [ and the force down the =ma+ ( F,+ Ff)

=750 % 0.179 + 2,514 + 1,036
=3,684N
=3,680N (3 s.f.) (1 mark)

incline is from the parallel component of the weight, I,
and the friction, . The difference is the net force, which is
equal to m, X a (Newton’s second law of motion) and is up
the incline. Give your answer to an appropriate number of
significant figures, in this case 3 s.f. (1 mark for “Provides
appropriate mathematical reasoning”; 1 mark for “Provides
correct answer”)

In an experiment similar to the setup in Worked example 3.3E, a trolley of mass 650 g was pulled up a 25.0°
incline by an applied force provided by a hanging mass over a frictionless pulley system. Friction between the
trolley and the incline was known to be 1.15N. The hanging mass, ,, has a mass of 404 g.

a Construct a free-body diagram to show relevant forces. (2 marks)

b Determine the acceleration of the trolley. Give your answer to an appropriate number of significant
figures. (4 marks)

¢ Determine the tension in the cable. Give your answer to an appropriate number of significant figures.
(2 marks)

Check your learning 3.3

Check your learning 3.3: Complete these questions online or in your workbook.

Retrieval and comprehension Analytical processes

1 Identify the practical purpose of an inclined 4 A 20kg object rests on a 30° inclined plane.
plane. (1 mark) Determine (2 s.f.) the

2 Explain the purpose of resolving a weight vector a parallel component of the object’s weight
into two components at right angles: one down (1 mark)
the incline and one perpendicular to it. (2 marks) b perpendicular component of the object’s

3 Recall what happens to the magnitude of the weight (1 mark)
parallel and perpendicular components of the ¢ normal force on the object by the surface of
weight as the angle of elevation of an incline the plane. (1 mark)

increases. (1 mark)

126 PHYSICS FOR QUEENSLAND UNITS 3 & 4 OXFORD UNIVERSITY PRESS

This work must not be reproduced, stored, transmitted or circulated in any other form.



Provisioned to Campion Education (Aust) Pty Ltd on 13/08/2025 under licence.

5 An object of mass 10kg is placed on a frictionless Pulley
incline of 25°. Determine how many seconds it
would take to travel down a 5.0 m incline from
rest (2 s.f.). (3 marks)

6 A 14kg toolbox is placed on a plank of wood.

Hanging
masses

When one end of the plank is raised, the toolbox
begins to slide down the incline at a uniform

speed when the angle reaches 40°. Determine They added small masses to the hanging cup to
the frictional force acting on the box (2 s.f)). keep the frictionless cart (mass 279 ¢) in place on
(3 marks) the incline. The table shows their results.

7 An object of mass m, is placed on a frictionless Angle ¢ (degrees) 10 20 30 40
incline as shown in the diagram. It is held at Hanging mass (g) 524 | 96.4 | 144.5  179.3
T 163y € LENT R e, 72, O &) G0 o @ a Construct an appropriate graph, linearised
frictionless pulley at the top of the incline. if necessary, and deduce the relationship

between angle of elevation and the
component of the weight parallel to the
incline. (4 marks)

b Propose how the graph would appear if

5 there was a small amount of friction present.

Justify your answer. (2 marks)
a Determine the angle of elevation if m, is

50kg and m, is 23 kg (2 s.f.). (3 marks)
b Calculate the acceleration of the object m, if
m, is increased to 30kg (2 s.f.). (3 marks)

¢ Interpret the methodology to state, with
reasons, whether friction would be a
systematic or random error. (2 marks)
9 A friend lives at the top of a road that has a 5°
downhill slope. When she lets her car (of mass

m, if m, is reduced in mass to 20kg (2 s.f.). 2,000kg) roll down the slope, it reaches 25kmh™!
(3 marks)

¢ Calculate the acceleration of the object

by the time it gets to the bottom, 400 m away.
Knowledge utilisation Determine the frictional force that must be

. . acting. (5 marks
8 Students carried out an experiment to measure g ( )

how the component of the weight parallel to the
surface of an inclined plane varies with the angle

10 A crate of tiles (mass 14kg) moves up a 30°
incline at constant speed when pulled by a rope
attached to a crate of cement of equal mass
hanging over a frictionless pulley at the top.
Determine the frictional force (2 s.f.). (4 marks)

of elevation. The setup is shown in the diagram.

Lesson 3.4
The parallel component of the
weight of an object on an inclined

. This practical lesson is available on Oxford Digital. It is also Learning intentions
OXfOI‘ddIglta| 3 . . . and success criteria
provided as part of a printable resource that can be used in class.
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MODULE

Lesson 3.5
Review: Inclined planes

Ssummary

Key formulas

The force of gravity, F, on an object is the object’s weight.

Mass, m, is a measure of an object’s resistance to motion, or the amount of substance in an object. It is
related to weight by F;, = mg.

When an object free-falls under gravity, it accelerates at g. Near the surface of Earth, g = 9.8 ms™2
downwards.

The normal force is the force exerted on an object by a surface against which it is pressed. The normal
force is always perpendicular to the surface.

As well as force due to gravity (weight) and the normal force, the forces acting on an object include
tension, frictional force and applied force.

A force is a push or pull between objects that may cause one or both objects to change speed and/or the
direction of their motion (i.e. accelerate) or change their shape.

Friction is the resistance to motion of a surface moving relative to another. Unlike gravity,
electromagnetism or the strong and weak forces, friction is not a fundamental force. It is the result of the
electromagnetic attraction between charged particles in the two touching surfaces.

Tension is the pulling force transmitted along a rope, string, cable or chain on an object. It has the
symbol F_.

An applied force (F,) is the force applied to an object by a person or another object. It can be a push

or a pull.

An inclined plane or ramp is a flat surface raised at one end, used as an aid for raising or lowering a load.
The force from gravity can be resolved into two vectors, one perpendicular to the plane and one parallel
to the plane.

The component of the gravitational force in the perpendicular direction (g cos ) must be equal and
opposite to normal force exerted by the plane, I, as there is no movement perpendicular to the plane.
The component of the force from gravity parallel to the surface is mgsin@. If it is greater than the
frictional force F| then the body will accelerate down the inclined plane.

Practical: The parallel component of the weight of an object on an inclined plane

Weight of an object F =mg

g
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Review questions 3.5A Multiple choice

Review questions: Complete these questions online or in your workbook.

(1 mark each)
1 A frictionless inclined plane is raised at one end

5 A 2Kkg object is placed on a frictionless incline
set at an angle . Select the expression that best

to a height /4. A dynamics cart is allowed to roll
down the plane, and its acceleration is measured
for several different heights. Which option best
shows the acceleration, a, of the cart as a function
of height, /4?

A B
a i a

h h

h h

Determine which of the graphs in question 1 best
shows the final velocity, v at the bottom of the
incline, as a function of height, /.

A frictionless incline has a mass, m, resting on
the surface and another mass, M, attached to a
light string over a frictionless pulley, as shown in
the diagram. Mass m equals mass M. Determine
which one of the following is most likely to occur.

Pulley

M

30°

A Mass m moves at constant speed down the
incline.

B Mass m moves at constant speed up the incline.

C Mass m accelerates down the incline.

D Mass m accelerates up the incline.

A block is placed on an incline, and it accelerates

down the incline even though friction is present.

Select the expression that best describes the

relationship between friction, F,, and the parallel

component of the force on the block, F.

A F,>F.
B F,=F.
C F,<F,
D F,=F.=0

describes its acceleration.

A mgsinf

B mgcosé

C gsind

D gcosé

A furniture removalist pushes a 25kg box up a
frictionless incline at a steady speed. The incline
is at an angle of 20° to the ground and the
removalist’s arms apply a force F, to the box at an
angle of 30° to the top, as shown in the diagram.
Calculate the force F,.

F

N 30°

25kg

A 84N

B 97N

C 122N

D 168N

A block of mass m is being pulled by a force of F
newtons acting at d to the horizontal, as shown
in the diagram. Select which statement correctly
defines the resultant force acting on the block.

A XF=Ftan0 - F,
B ZF=Fsin0-F,
C ZF=Fcost—F,
D ZF:F+FN—Fg—Ff

Iy

A F
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8 A frictionless incline has a 400 g mass, ,, resting
on its surface. A 200g mass, m,, is attached to it
by a light, inextensible string over a frictionless
pulley, as shown in the diagram.

my=200g

Which of these events occurs?

A Mass m, moves at a constant speed down the
incline.

B Mass m moves at a constant speed up the
incline.

C Mass m, remains stationary.

D Mass m, accelerates down the incline.

Use the following information to answer questions 9 and 10.

A car of mass 1,500kg is parked on a hill, as shown in
the diagram.

/

b ¢

9 Identify the arrow that correctly shows the

direction of the normal force on the car.
A A B C CF D E

10 Select the arrow that correctly shows the direction
of the frictional force acting on the stationary car.

A E B C C A D B

Review questions 3.5B Short response

Review questions: Complete these questions online or in your workbook.

Retrieval and comprehension

11 Explain whether you are weightless when you
float in a swimming pool. (2 marks)

12 Construct a free-body diagram showing the
forces acting on an object at rest on a frictionless
incline, including the tension in a rope holding it
there. (2 marks)

13 Construct a labelled free-body diagram showing
the forces acting on an object accelerating down a
frictionless incline. (2 marks)

14 Diagrams a to d show a block on a horizontal or
inclined plane. The block in each of parts a to d
weighs 50N. In parts b to d the applied force, F,,
is 20N. Calculate the normal force in each case
(2 s.f). (2 marks each)

a &) b Fy

30°
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15 A computer of mass 2.5kg rests on a table.
Calculate the normal force exerted by the table on
the computer. (2 marks)

Analytical processes

16 Determine how many times heavier by weight
a person would be on Jupiter than on Earth.

Note: Brupiver = 25 ms~2 (2 marks)

17 Determine the force necessary to uniformly
accelerate the following objects (2 s.f.).

a A 6.4kg mass at 2.4ms 2 (2 marks)

b An object weighing 25N at 9.8 ms=2 (2 marks)

¢ A 0.50kg object from rest to 5.0ms™! over 4.0m
(2 marks)

d A 75kg object from 40ms' to 60ms'in5s
(2 marks)

18 A butcher pulls on a 40kg side of beef with a
horizontal force of 220N, and it slides across the
boning table at constant speed.

a Determine the force of friction. (2 marks)

b The side of beef now hits a low friction area on
the table. Determine what the butcher would
notice about the motion of the beef if the applied
force is kept the same. (1 mark)
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19 A 30kg box of vegetables moves down a 35° 22 A person hauls a box of mass 100kg up a 35°
frictionless incline. Determine (2 s.f.) the incline by a rope attached to the top of the box, as
a component of the weight perpendicular to the shown in the diagram. The rope makes an angle
incline (2 marks) of 20° to the incline and the friction between the
b component of the weight down the incline box and the incline is 650 N. Determine the force
(2 marks) applied by the person, F,, to keep the box moving

¢ normal force (2 marks) at constant speed (2 s.f.). (4 marks)

d acceleration down the incline. (4 marks)

é

-
20 A 20kg object is attached by a thin cord to a 50kg A r
mass that hangs over a frictionless pulley at the top l

of a 25° incline, as shown in the diagram.

35°

23 A cable used to pull mine cars vertically to the
pit head has a breaking strain of 3.0 X 10*N. The
mine shaft is 500 m deep, and a full mine car has a
mass of 2.5 tonnes, as shown in the diagram.

Determine (2 s.f) the Winding gear

a acceleration, if any, of the object (4 marks)
b tension in the string. (3 marks)

21 Consider the system shown in the diagram. The
trolley has a mass of 1,000 g and moves up the
incline at constant speed when the slope is 35° and
under the conditions shown.

Determine (2 s.f.) the

a maximum acceleration of the car without
breaking the cable (4 marks)

a Determine the frictional forces acting in this
system (2 s.f.). (3 marks)

b Calculate the tension in the rope (2 s.f.).
(2 marks)

b shortest time in which the car can be pulled
from rest to the surface in the event of an
accident. (3 marks)
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24 A person pulls a sled carrying a bathtub along a a Calculate the acceleration, if any, up the
horizontal surface at constant speed, as shown in incline (2 s.f.). (4 marks)
the diagram. The combined mass of the sled and b Decide what the motion would be if the
bathtub is 75 kg, the frictional force is 70N, and the applied force was 40N (2 s.f.). (2 marks)
angle 6 of the rope to the horizonal is 42°. 28 Students were asked to investigate the relationship
Determine the tension in the rope (2 s.f). between the angle of elevation of a frictionless
(3 marks) ramp and the parallel component of the weight

of an object on the incline. They set up an
experiment with a 1.2m long aluminium ramp and

varied its elevation through a range of angles from
10° to 50°. They used a LLego car of mass 75.5g as
the object on the ramp and measured the mass of
a cup of coins and paper clips hanging freely over
a pulley at the top of the ramp, which held the car
Knowledge utilisation stationary. The table shows their results.

25 A bag of cement is sliding down a 30° incline

Angle, 6
at constant speed. Propose, with reference (degrees) 10.0 | 20.0 | 30.0 | 40.0 | 50.0
to the scenario, whether each of the following Hanging
relationships is true or false. Justify your mass, m, (g) 13.10 | 26.30 | 37.90 | 48.80 | 58.80

responses.

a F;y sin30° > F, (2 marks)
b I = Fg sin30° (2 marks)

¢ I, =mgcos30° (2 marks)

They hypothesised that the weight of the hanging
mass would equal the parallel component of the
car’s weight down the incline for each angle. They
planned to plot a graph to help confirm their

d F, = mg (2 marks) thinking. Analyse their data and evaluate their
26 A horizontal steel cable is used to drag a bucket hypothesis. (8 marks)
filled with coal along the ground at constant speed. 29 Students studying the acceleration of an object
‘The mass of the bucket and coal is 6.1 tonnes down a frictionless ramp used a Lego car of mass
(6,100kg) and the friction is 30,000 N. 56.0g and let it run freely down a 1.0m incline.
a Calculate the normal force (3 s.f). (2 marks) They measured the time for the journey for several
b Determine the tension in the cable (3 s.f.). different angles of elevation. The table shows their
(1 mark) results.
¢ The tension in the cable is kept constant but Angle, 8
the mass of the bucket increases as more coal (degrees) 5 10 15 20 25
is added. Predict, giving reasons, whether Time, t (s) 1.53 .08 089 077 0.69
the bucket would continue at constant speed.
(3 marks) The students hypothesised that the acceleration

down the incline should be as a result of the net
force from the parallel component of the weight of

27 An 8kg carton of soft drink is being pulled up a

frictionless 30° incline using a rope and an applied
force, F,, of 45N, as shown in the diagram. the car. Draw a graph of acceleration (observed) on
the vertical axis versus acceleration (theoretical) on

the horizontal axis. If the formula for the trendline
was y = x with an R? of 1.00, they were going

This applied force through the rope is the rope’s
tension, F_.

Fy=45N to claim their hypothesis had been confirmed.
Evaluate their results. (2 marks)

30°
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4 .
Data drill

Effect of angle of elevation on acceleration

Students investigated how the angle of elevation of an inclined plane affects the acceleration of an object
moving freely down it. They placed a toy car on an inclined plane 1.00m long and allowed it to run freely
down at various elevation angles. The motion was filmed and the time for each run was determined. Three
trials were made for each angle. The results are shown in Table 1.

TABLE 1 Time and acceleration data for a toy car on an inclined plane at various angles

Angle, 0 sin @ Time taken for motion down the ramp, t (s) Acceleration, a
(degrees) Trial 1 Trial 2 Trial 3 Average (ms™)

10 0.17 1.18 1.22 1.23 1.21 Q2

30 0.50 0.70 0.70 0.69 0.70 4.1

50 0.77 0.56 0.55 0.56 0.56 6.5

70 0.94 0.51 0.51 0.52 0.51 7.6

90 1.00 0.50 0.50 0.50 0.50 8.0

A graph of acceleration versus the angle in degrees was found to be non-linear. A plot was then made of
acceleration versus the sine of the angle (Figure 1).

9.0
8.0 o
7.0 -

6.0 y=28.0833x + 0.0428 ; 9
5.0 s -
4.0 o

3.0 -
2.0 =
1.0

0.0 L=
0.0 0.2 0.4 0.6 0.8 1.0 1.2

sin 6

Acceleration, a (m s_z)
AN

FIGURE 1 Plot of the data

Note: in the questions that follow, significant figures (s.f.) are mentioned as a guide but are not being examined.

Apply understanding Interpret evidence

1 Calculate the absolute uncertainty for the time 4 Draw a conclusion that quantifies the value
taken for an angle of 10° (1 s.f.). (1 mark) of the acceleration due to gravity, g, from the

2 Determine the acceleration for an angle of 10°. gradient of the graph. Show your reasoning.
Show your working (1 s.f)). (2 marks) (2 marks)

5 Deduce a possible cause of the difference
between the experimental value at 90° and the
3 Identify the relationship between the sin of the expected value. Justify your answer. (2 marks)
angle, 0, of the inclined plane to the horizontal
and the acceleration, a, of the object down it.
Use evidence from Figure 1 to support your

Analyse data

answer. (3 marks)

Module 3 checklist: Inclined planes
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Circular motion

Introduction A, /

It really wasn’t until the 1500s that people began to believe that Earth rotates on its
own axis. Until then, the rate of rotation of objects was of little consequence. Today,
rotation and its measurement is of fundamental importance to society, whether it is the
rotation of microwave carousels, car tyres, engines, sewing machines, nuclei, planets or
orbiting satellites.

Prior knowledge

Prior
knowledge
quiz

Check your understanding of concepts related to circular motion
before you start.

Subject matter

Science understanding

Apply vector analysis to resolve a vector into two perpendicular components.

Solve vector problems by resolving vectors into components, adding or subtracting
the components and recombining them to determine the resultant vector.

Solve problems involving force due to gravity (weight) and mass using F;, = mg.
Describe the concept of normal force.

Describe the concept of uniform circular motion.

Describe the concepts of average speed and period.

Solve problems involving objects undergoing uniform circular motion at a constant
speed using v = 2—;’ and a_ = %2
Describe the concepts of centripetal acceleration and centripetal force.

Solve problems involving forces acting on objects in uniform circular motion using

S
_ _ mv?
F=F,=5

Science inquiry

— Investigate the net forces acting on an object undergoing horizontal circular motion
on a string.
Source: Physics 2025 v1.2 General Senior Syllabus © State of Queensland (QCAA) 2024
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Learning intentions
and success criteria

uniform circular

motion

the motion of an object
travelling at a constant
speed in a circle

Study tip

This module is
concerned exclusively
with uniform circular
motion in a horizontal
circle. Objects being
whirled in vertical
circles are outside the
scope of this module.

Lesson 4.1
Uniform circular motion

Key ideas

— Uniform circular motion is the result of a force that acts on an object in a perpendicular
direction to the velocity of the object.

What is uniform circular motion?

Circular motion is a simple idea — just moving around in a circle. To make it uniform
circular motion, you need to be moving at constant speed as well. There are plenty of
examples in daily life: whirling a toy plane around in a horizontal circle at constant speed
(Figure 2), the carousel (platter) in a microwave oven, the spin dryer in a washing machine,
a ceiling fan, and the second hand of a clock. It would be good to also add Earth orbiting the
Sun, but it is not quite a circle and it is not quite constant in speed.

FIGURE 1 Uniform circular motion in a slowly rotating space station could be one way to simulate Earth’s gravity
in space.

FIGURE 2 A child whirls a toy plane around in a horizontal circle.

Understanding what keeps an object in circular motion and what keeps the motion

uniform relies on an understanding of the forces involved.
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Challenge

Does a wheel ever rest?

When a wheel rolls along, is any point at rest? Explain your answer. (1 mark)

What is the difference between revolving and rotating?

Two similar terms are easy to get mixed up, and if you do this you may get the wrong answer.
An object moving in a horizontal circle is said to be revolving or orbiting around the centre
of the circle. So, a ball whirled on a string is said to revolve around the centre point at your
hand. The similar term “rotating” means spinning around its own axis. So Earth rotates on
its own axis once a day and revolves about the Sun once a year (Figure 3).

FIGURE 3 Earth revolves around the Sun, but it also rotates on its own axis. The viewpoint is from above the
North Pole.

Challenge

Where did the term “clockwise” originate?

The hands of a clock go in a “clockwise” direction — but where did this term originate? The Sun moves
across the sky in an anticlockwise direction as the day progresses, so why wasn’t that direction “clockwise’?
Propose a reason for this apparent contradiction. (2 marks)

How are forces and velocity involved in uniform
circular motion?

Imagine you are whirling a ball in a horizontal circle above your head like the child with the i:ertida .

. . . . . . . . the tendency of an
toy plane shown in Figure 2. The ball is said to have inertia, and according to Newton’s first object to resist change
law of motion, it would continue in a straight line with the same speed unless acted on by an in its motion

unbalanced force.
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string. As your hand is at the centre of the circle
in which the ball moves, the force on the string,

centripetal force and hence on the ball, is always towards your hand
the force acting on an

object travelling in a i

circle that constantly a centripetal force (from the Latin “centrum”
cither pulls or pushes meaning “centre” and “petere” meaning “to seek”),

the object towards
the centre of motion

(symbol: F; are specifying it as a vector, you use the symbol F .

SI unit: newton;
unit symbol: N)

centripetal
acceleration
the acceleration

experienced by any the speed remains the same. As the direction of the

object moving in a
circular path directed

uo Campion Education (Aust) Pty Ltd on 13/08/2025 under licence.

This force is provided by the pull on the

and hence towards the centre. This force is called

a centre-seeking force, and has the symbol F.. If you

The velocity at any point on the circle is a
tangent to the path at that point. For instance, at
position A in Figure 4, the velocity vector 0 , boints
up the page. At point B, the velocity vector , points
to the left but is drawn with the same length because

FIGURE 4 Direction of the velocity vectors in
uniform circular motion

velocity has changed, the ball is said to have centripetal acceleration. Remember that the

towards the centre of length of the vector arrow indicates the magnitude, so the length of a velocity arrow gives the

motion (symbol: a ; speed.
SI unit: metres per
second squared;

Real-world physics

The Gravitron

In a Gravitron, or Rotor, at an amusement
park, the riders feel “pressed” against the wall
(Figure 5). Actually, each person is trying to
travel in a straight line, but the wall pushes on
them (the centripetal force) and the person

pushes back. The centripetal force is the normal
force on the rider from the wall directed radially

inwards. At high speeds, this normal force
is large enough to provide enough friction to
stop the rider sliding down the wall under the

influence of gravity. There is no force pressing

the person against the wall. It is all because of

inertia — the tendency for the person to travel in
a straight line — as described by Newton’s first
law. For a Gravitron with a radius 8.0 m, a point
on the edge travels 50m (27t7) in one revolution.
If that takes 2 seconds, then the person is going
at 25ms~!, or 90kmh.

Apply your understanding

1 Clarify which force keeps you pressed against the wall of a Gravitron. (1 mark)

-
You should be able to observe that the centripetal force vector F_is perpendicular to the
unit symbol: ms2) direction of the velocity vector, 77, of the object.

FIGURE 5 The Gravitron uses Newton’s first law to hold riders

2 If you were covered in oil, would the Gravitron have to go faster or slower to keep you in position?

Explain your answer. (2 marks)

3 A person in a Gravitron moves a distance of 137m in 2.5s in one revolution. Determine their speed in

kilometres per hour. (3 marks)
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Check your learning 4.1

Check your learning 4.1: Complete these questions online or in your workbook.

Retrieval and comprehension

1 Describe uniform circular motion. (1 mark)

2 A ball is undergoing uniform circular
motion on a fixed length of string. Clarify
which of the following are zero after 100
revolutions: displacement, average velocity,
average speed. (3 marks)

3 A ball is being whirled in a horizontal circle at
uniform speed. This is shown from above in the
diagram.

a Identify the direction of the ball’s velocity
vector at points A and B. (2 marks)

b Identify the direction of the centripetal force
vectors at A and B. (2 marks)

B

4 The Moon moves in an almost uniform circular
motion around Earth. Identify what is providing
the centripetal force to keep the Moon revolving
around Earth. (1 mark)

5 Clarify whether Earth’s revolution around the
Sun is considered to be uniform circular motion.
(1 mark)

Analytical processes

6 A glass of water placed at the edge of the carousel
(platter) in a microwave doesn’t fly off as the
carousel turns. Consider what keeps it there.

(1 mark)

OXFORD UNIVERSITY PRESS

Knowledge utilisation

7 A spin dryer is an appliance used to remove water
from clothes. It does this by spinning at high
speeds, like the spin cycle of a washing machine.
a Propose why clothes that come out of a spin

dryer still feel damp. (1 mark)

b Predict whether continued spinning at
the same speed will get rid of more water.

(1 mark)

¢ Infer, giving reasons, whether you could spin
the clothes completely dry. (1 mark)

d Identify the force that pushes the water
towards the outside of the tub and then out
through the holes. (1 mark)

8 Small stones get caught in the treads of car tyres.
Propose a reason why they stay there and are not
flung out at high speeds. (1 mark)

9 Imagine you are measuring your weight on
bathroom scales. It has been claimed that if Earth
wasn’t spinning, the reading on the scales would
be different. Assess this claim with a reasoned
explanation. (1 mark)

10 It is claimed that if Earth wasn’t spinning, your
height would be different. Evaluate this claim.
(2 marks)

11 It has been said that if you measure your weight
with bathroom scales at the equator, it would
be less than if you measured it at the North or
South Pole. The reason, it is said, is because there
is less centripetal force at the poles due to the
slower rotational speed. Evaluate this statement.
(2 marks)

12 When going around a roundabout in a car, the
front-seat passenger feels pressed against the
door. People wonder whether they are moving
towards the door or whether the door is moving
towards them. Assess this situation and propose
an answer. (2 marks)
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Learning intentions
and success criteria

average speed
the rate of change of
distance calculated by

the formula average
speed = distance

P time ’
a scalar quantity
(symbol: v;

SI unit: metres
per second;

unit symbol:ms™)

period

the time taken

to complete one
revolution calculated
by the formula
period = tme
(symbol: T}

SI unit: second;
unit symbol: s)

tangential
velocity

the linear velocity of
an object undergoing
circular motion, where
the magnitude is the
speed of the object,
and the direction is a
tangent to the circular
path at that moment
(directed towards the
centre); for circular
motion, the term is
usually abbreviated to
“velocity”

140 PHYSICS FOR QUEENSLAND UNITS 3 & 4

no. of revolutions

Lesson 4.2
Objects undergoing uniform
circular motion

Key ideas

— The time for one revolution of an object in uniform circular motion is called the
period, T.

— The average speed for an object in uniform circular motion is the distance travelled in
one period, T.

— Problems involving objects undergoing uniform circular motion at constant speed can

i = 2nr
be solved using v ==

What is average speed and period?

Calculating the average speed, v, of an object moving in a circle is no different from any
other speed calculation: it is just the distance travelled per time of travel. The distance around
a circle is equivalent to the circumference and calculated as 271, where r is the radius of the
circle. The time for one revolution around the circle is referred to as the period and has the
symbol 7. Thus, the average speed of an object in uniform circular motion is given by the
expression:

_ distance

2mr
average speed = — orv =<+
8¢ Sp time °

T
This speed is sometimes called the “tangential speed” (Latin “tangere” meaning “to
touch”, as it touches the edge of the circle) to distinguish it from “rotational speed”. It is also

called tangential velocity.

FIGURE 1 A father spins his child in a horizontal circle. This is an example of uniform circular motion.
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Worked example 4.2A

Calculating period, average speed and velocity in uniform circular motion

A student whirls a ball on a string at constant speed in a horizontal circle. The length of the string is 2.2m

and the time for one revolution is 3.1s. Calculate (to an appropriate number of significant figures) the

a period (2 marks)

b average speed of the ball (2 marks)

¢ velocity of the ball. (2 marks)

T
Step 1: Look at the cognitive verb and mark allocation to “Calculate” means to determine or find a number or

determine what the question is asking you to do. answer by using mathematical processes. For each part
we must identify the appropriate formula and use it to
find an answer.

Step 2: Identify the appropriate formula and gather any data that | »=2.2m, 7= 3.1s

you need. —_ tme
no. of revolutions
0= 2nr
- T
Step 3: For part a, substitute values into the formula and solve a [=—_ume
no. of revolutions

for the period, 7. Give your answer to an appropriate number of 3.1
= (1 mark)

significant figures, in this case 2 s.f. (1 mark for “Demonstrates
= 3.1s (1 mark)

correct substitution”; 1 mark for “Determines the period”)

Step 4: For part b, substitute values into the formula for velocity, p ¢ = 2_?
_2%Xax22
answer to an appropriate number of significant figures, in this 3.1

=4.5ms™! (1 mark)

v, and solve for speed (the magnitude of velocity). Give your
(1 mark)

case 2 s.f. (1 mark for “Demonstrates correct substitution™;
1 mark for “Calculates the speed”)

Step 5: For part ¢, make a statement about the differences
between speed and velocity for circular motion. Give your
answer to an appropriate number of significant figures, in
this case 2 s.f. (1 mark for “Describes the magnitude as

¢ The magnitude of the velocity is the same the
speed. The velocity is directed perpendicular to the
string, in the direction of the motion at any instant.

Therefore, the velocity, v = 4.5ms™! perpendicular

being the same”; 1 mark for “Identifies the direction of speed to the string.

and velocity™)

A student whirls a ball on a string at constant speed in a horizontal circle. The time for one revolution is 1.8s
and the length of the string is 1.5 m. Calculate (to an appropriate number of significant figures) the

(1 mark for magnitude; 1 mark for direction)

a period (1 mark)
b average speed of the ball (2 marks)
¢ velocity of the ball. (2 marks)

What are rotational speeds?

You probably don’t know the speed of the Moon about Earth in metres per second or
even kilometres per hour. But you know that it makes one revolution in just over 27 days. rotational speed
the number of
revolutions an object
makes per second, as
distinguished from
the term “average
speed”, which is the
linear speed

Internal combustion engine speeds too are usually expressed in a number of revolutions

per minute (rpm). At idle, the engine might turn at 750 rpm and at cruising speed it may
reach 4,000 to 6,000 rpm, which is shown on the vehicle’s tachometer (Figure 2). These are
called rotational speeds. An clectric vehicle (EV) motor can reach 10,000 rpm or even
20,000 rpm, but there is no tachometer in an EV as it is irrelevant.
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Study tip

For uniform circular
motion, the term
“average speed”
means the linear
speed in metres

per second. The
velocity has the same
magnitude as the
speed, with a direction
tangential to the circle
at that point.

Bo Campion Education (Aust) Pty Ltd on 13/08/2025 under licence.

However, when you say “average speed”, you
are talking about linear speeds in metres per
second and not rotational speeds in revolutions per
second.

Using rotational speeds

For now, rotational speeds are best converted
into the time for one revolution. This is called the
period, 7. The simplest way to do this is:

time

x1000 r/min

142 PHYSICS FOR QUEENSLAND UNITS 3 & 4

~ Tho. of revolutions FIGURE 2 A tachometer in an internal
combustion engine car is a “rev counter”

that measures the engine speed in revolutions

per minute (rpm). This one has a “red line”
(maximum advisable engine speed) of 6,500 rpm.

This can then be used for any problem
with rotational speeds, as shown in
Worked examples 4.2B and 4.2C.

Worked example 4.2B

Calculating period from revolutions per minute

Calculate the period in seconds for an object with a rotational speed of 30rpm. Give your answer to an
appropriate number of significant figures. (2 marks)

T R
Step 1: Look at the cognitive verb and mark allocation to “Calculate” means to determine or find a number or answer
determine what the question is asking you to do. by using mathematical processes. We must identify the

appropriate formula and use it to find an answer.

Step 2: Identify the appropriate formula and gather any data = Rotational speed = 30rpm

that you need. T= time
no. of revolutions
Step 3: Substitute data into the formula and solve for the T= time
. . . no. of revolutions
period, 7. Give your answer to an appropriate number of
s . . . 60 s
significant figures, in this case 2 s.f. Check that you have = 30 revolutions (1 mark)

used the correct units. (1 mark for “Correctly substitutes

. = 2.0s (1 mark
values”; 1 mark for “Provides correct answer”) ( )

The “red line” of an engine is the maximum rpm at which it’s safe to run. A particular motor bike engine
“redlines” at 7,500 rpm. Calculate the period in seconds for this rotational speed. Give your answer to an
appropriate number of significant figures. (2 marks)

Worked example 4.2C

Calculating the speeds of a rotating object

A car tyre has a diameter of 630 mm and is being rotated at 850 rpm on a tyre-balancing machine.
Determine the average speed at which the outer edge of the tyre is moving. Give your answer to an
appropriate number of significant figures. (4 marks)

OXFORD UNIVERSITY PRESS
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Step 1: Look at the cognitive verb and mark allocation to = “Determine” means to establish after a calculation. We must

determine what the question is asking you to do. identify the appropriate formula and use it to find an answer.
Step 2: Identify the appropriate formula and gather any d=630mm = 0.63m

data that you need. Note what quantity the question Rotational speed = 850rpm

is asking for — in this case, average speed, which is in T= time

no. of revolutions
metres per second.

= 2mr
=T
Step 3: Substitute the relevant data into the formula — time
and solve for the period, 7. (1 mark for “Demonstrates ne: Ofggv:lunom
correct substitution”; 1 mark for “Calculates the = 850 revolutions (1 mark)
period”) =0.07s (1 mark)
Step 4: Calculate the speed, v, of the outer edge of =21
the tyre. The radius is half the diameter. (1 mark for r
= = 20X0315 () o

“Demonstrates correct substitution™) - 0.07

=28.3ms™!
Step 5: Give your answer to an appropriate number of The average speed is 28 ms™ (2 s.f.). (1 mark)

significant figures, in this case 2 s.f. Use the correct
units. (1 mark for “Provides correct answer™)

A circular power saw blade has a diameter of 184 mm and runs at a speed of 5,300 rpm. Determine
the average speed in metres per second of the teeth on the outside of the blade. Give your answer to an
appropriate number of significant figures. (4 marks)

Real-world physics

The centrifuge

The laboratory centrifuge is a device used in
chemistry, biology, biochemistry and clinical
medicine for isolating and separating suspensions
and immiscible (non-mixing) liquids. A tube
containing the suspension — for example, blood — is
placed in a machine that spins it at a very high rate
(Figure 3). Rotational speeds of 1,000-5,000 rpm
are common. The centripetal acceleration causes
denser substances and particles to move outwards
to the bottom end of the tube, and at the same time,
substances and particles that are less dense are

displaced and move to the centre of rotation, which

is the top of the tube. Blood, for instance, separates FIGURE 3 Blood samples are separated in a centrifuge. The red
into cells, proteins and serum. blood cells are heavier, so they move to the bottom.

Apply your understanding

1 Blood serum is the liquid component of blood. 3 Ifblood cells accumulate in a position in a tube
Clarify whether it moves towards the bottom or 13 cm from the centre, determine the speed of
top of the tube. (1 mark) the cells in kilometres per hour (2 s.f.). (3 marks)

2 Calculate the period, 7, of a centrifuge tube
spinning at 5,000rpm (2 s.f.). (1 mark)
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Worked example 4.2D

Factors affecting spin-dryer speeds

A spin dryer removes water from clothes by spinning at high speeds, like the spin cycle of a washing machine.
It is suggested that you can increase the speed of a dryer by doubling the diameter or doubling the rotational
speed. Dryer A has a tub radius of 50.0cm and a rotational speed of 1,200rpm, and dryer B has a radius of
100 cm and a speed of 600 rpm.

a Determine which dryer gives the higher speed. (4 marks)
b Propose which dryer would be preferred for a household laundry. Justify your response. (2 marks)

T A
Step 1: Look at the cognitive verbs and mark “Determine” means to establish after a calculation. “Propose” means
allocation to determine what the questions are to put forward a point of view in a statement for consideration. “Justify”

asking you to do. means to give reasons or evidence to support an answer. For the first part

we must identify the appropriate formula and use it to find an answer.
Step 2: For part a, identify the appropriate a 7, =0.500m, rotational speed (A) = 1,200rpm

formulas and gather any data that you require. r, = 1.00m, rotational speed (B) = 600rpm

— time
no.ofrevolutions
— 2mr
- T
Step 3: For spin dryer A, calculate the period, T = % minutes
A b

T, by substituting the known values into the

_ 60 d
formula. = T,200 Seconds

(1 mark for “Calculates the period”) =0.050s (1 mark)

Step 4: For spin dryer A, calculate the speed, v = 2mry
o . A T,
v,, by substituting the known values into the A
formula =27x0.50
. 0.050

(1 mark for “Calculates the speed”) = 62.8ms~' (1 mark)

Step 5: For spin dryer B, calculate the period, T

= 6(1)_0 minutes
T';, by substituting the known values into the

_ 60
formula. No marks are awarded for calculating = oo seconds

the period as it is similar to that for spin dryer A. =0.100s
Step 6: For spin dryer B, calculate the speed, o = 2y
o . . B T
vy, by substituting the known values into the ) B 100
x 1.
formula. (1 mark for “Calculates the speed”) = 76_100

Step 7: Draw a conclusion that compares the
results. (1 mark for “Provides correct answer”)
Step 8: For part b, the only variable that is
different is the radius, so we need to consider
what effect the radius has.

(1 mark for “Proposes a point of view based on
evidence”; 1 mark for “Justifies the conclusion
using reference to evidence about centripetal
motion and forces™)

=62.8ms™! (1 mark)
They both have the same speed of 62.8ms™. (1 mark)

b As they both have the same speed, the dryer with the smaller radius

is preferred. It will have a greater change of velocity (centripetal
acceleration) as it is moving in a smaller circle and so the change in
direction will be greater in the same period of time. (1 mark)

Thus, the clothes are being pulled away from the water with
greater (centripetal) force, allowing the water to continue to move
outward from the clothes. (1 mark)

A car driver has tyres of diameter 531 mm that rotate at 1,028 rpm at highway speeds. The driver changes them
for bigger ones with a diameter of 594 mm, thinking they would rotate at a lower speed and help the driver save
money on petrol. Calculate (to the nearest whole number) how many rpm the new tyres would do at the same
highway speed. (4 marks)
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Challenge

Motion of a billy

An old camper’s trick to make tea leaves settle to the bottom of
a billy of tea is to swing the billy in a vertical circle, as shown in

Figure 4.

Consider the following questions about this idea.

a Explain why this would make the leaves settle faster. (1 mark)

b Explain whether this is an example of uniform circular

motion. (1 mark)

¢ Deduce whether this method would work if the billy was

swung in a horizontal circle. (1 mark)

d Sketch an approximate graph of speed versus angle for one

complete revolution of 360°, with directly overhead being 0°.

(1 mark)

Check your learning 4.2

FIGURE 4 Swinging a billy of tea in a vertical
circle is said to make the leaves settle faster.

Check your learning 4.2: Complete these questions online or in your workbook.

Retrieval and comprehension

1 Explain how to calculate the period of revolution
from the number of revolutions per minute. (1 mark)

2 Describe one practical use of a device that
utilises uniform circular motion, and the typical
rotational speeds involved. (2 marks)

3 A Gravitron ride moves in a horizontal circle
of 15.0m radius and completes 24 turns every
minute. Calculate its average speed. (2 marks)

Analytical processes

4 Distinguish between average speed and
rotational speed. (1 mark)

S A car of mass 2,250Kkg is travelling around a
circular track of radius 90.0m at a constant speed
of 30.0ms™'. Determine how many revolutions
per minute the driver makes of the track. (2 marks)

6 The Large Hadron Collider (LHC) in
Switzerland accelerates particles such as protons
to very high speeds and then smashes them into
each other. The LHC consists of a circular ring
4.25km in diameter, as shown in the diagram, in
which protons travel at close to the speed of light.
Determine how many revolutions per minute a
proton would make at a speed of 2.0 x 10ms™".

(3 marks)

OXFORD UNIVERSITY PRESS

Knowledge utilisation
7 You are riding a bicycle at 20kmh' and the

wheels are spinning very fast. Bike tyres are
typically 67 cm in diameter. Assess whether

you have sufficient information to work out the
rotational speed of your tyre and, if so, justify the
logic used to calculate it. (3 marks)

Spin dryers go pretty fast — too fast to see with
the naked eye. Propose a method to measure the
speed of a spin dryer in revolutions per minute.
You don’t have to build it or have the parts at
home or school; just design the procedure and
instrumentation. (2 marks)
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Learning intentions
and success criteria

Lesson 4.3
Centripetal acceleration and force

Key ideas

— An object travelling in a circle at constant speed has an acceleration, called centripetal
acceleration, a_, directed towards the centre of the circular path and perpendicular to
the velocity vector.

— Problems involving objects undergoing uniform circular motion at a constant speed
2
can be solved using a_=-*.

— The centripetal force is the net force directed towards the centre of a circular path: F_=F__.
— Problems involving forces acting on objects in uniform circular motion can be solved

. _ _mv?
using F.=F .=~

What is centripetal acceleration?

To keep a ball revolving in a horizontal circle you have to apply a force with your hand.
This is an unbalanced force directed inwards so the ball must be accelerating inwards
according to Newton’s second law (Figure 1). If the ball is accelerating, then, by definition,
it must be undergoing a change in velocity. It can change its velocity without changing its
speed if it changes direction. This section is about how a centripetal force causes centripetal
acceleration, which causes a change in velocity even though the speed remains constant.
The formulas relating centripetal acceleration and force to the average speed of an object
travelling in uniform circular motion are quite complicated, as they involve vectors in two
dimensions. First, you need to describe how subtracting vectors is different from adding
them, which you did in the previous two modules. You need to subtract because acceleration
is a change in velocity, and “change” means subtraction.

Path of ball

Ball

Direction of force
-
Direction of
acceleration

FIGURE 1 Path of a ball undergoing horizontal circular motion

How do you subtract vectors to find the change
in velocity?

If you were riding your bicycle with an initial speed of 10kmh™' going downhill and had a
final speed of 15kmh~!, you would have gained S5kmh~! of speed. Your “change of speed”
would be +5kmh:
change in measurement = final measurement — initial measurement
change in speed = final speed — initial speed

5 o

-
AV =9 —u
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Conversely, if you slowed down by 5kmh™ your change in speed would be —5kmh™.
The symbol for the Greek capital “D” (delta, A) is used to represent “difference”. This is easy

to remember as they both start with the letter “D”.

This is simple for scalar quantities such as speed, mass, temperature and bank balances. But

in physics it is also necessary to work with vector quantities. You have seen how to add vectors

in two dimensions; now you will learn how to subtract vectors in two dimensions as well.

In maths, you will have learnt that subtraction is the
same as adding a negative; that is, 15 — 10 is equivalent
to 15 + —10 and the answer is +5 either way. Thus, when
performing the subtraction vector A — vector B, the
direction of vector B is changed to its clpposite and then
added to vector A head to tail; that is, 4 — § = Z + (—§)
(Figure 2).

A more complicated situation arises when subtracting
vectors in two dimensions, as you have with horizontal
circular motion. You will start with the familiar example
of a person on a bicycle changing direction (Worked
example 4.3A).

You will need this technique for analysing the change
in velocity vectors for uniform circular motion.

Worked example 4.3A

Calculating a change in velocity in 2D

1 1

Final v = 15ms~ Initial u = 10 m s~

»
=

Y
I

is equivalent to

1 — Initial = 10 m s~

i
%

Final v = 15ms~

\J
+

15

—_——-———
Av=+5 -10

FIGURE 2 The change in velocity is found by subtracting vectors.

A girl on a bicycle is travelling north at 10ms™. She turns left and continues at 15ms™! west. Construct
a vector diagram and calculate the change in velocity. Give your answer to an appropriate number of

significant figures. (7 marks)

T

Step 1: Look at the cognitive verbs and mark allocation to
determine what the question is asking you to do.

Step 2: Identify the appropriate formula and gather any data
that you need.

Step 3: Substitute values into the formula. (1 mark for
“Demonstrates correct substitution™)

Step 4: Change the vector subtraction to an addition of the
negative. (1 mark for “Provides appropriate mathematical
reasoning”)

Step 5: Draw a vector diagram of the addition by putting the
vectors head to tail. (1 mark for “Constructs a correct vector

diagram of the relevant quantities being combined”)

OXFORD UNIVERSITY PRESS

“Construct” means to display in a diagrammatic or logical
form. “Calculate” means to determine or find a number or
answer by using mathematical processes. We must identify
the appropriate formula and use it to find an answer.
u=10ms ' N;v=15ms"'W
Av=v—u
Av=v—u

=15ms'W - 10ms™!N (1 mark)
Av=15ms'W + (-=10ms™!N)

=15ms™'W+ 10ms™'S (1 mark)

Final v = 15ms™ 1 W

Initial # = 10ms ' N

(1 mark) }
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Step 6: Combine vectors to give a resultant by drawing
an arrow from the tail of the first vector to the head of the
second vector. (1 mark for “Constructs a correct vector
diagram of the relevant quantities showing the resultant

vector™)

Step 7: Calculate the magnitude of the resultant (the change
in velocity) using Pythagoras’ theorem.

Mark the angle between the final vector and the resultant as
6 and use trigonometry to solve for 8. (You could mark the
other angle as 6 instead, as long as it is clearly marked. In that
case, @ would be the complement of 34°, i.e. 56°.) (1 mark for
“Calculates the magnitude of the change in velocity”;

1 mark for “Calculates the angle correctly™)

Step 8: State the value of the resultant vector (the change in
velocity) in terms of direction (angle) and magnitude. Give
your answer to an appropriate number of significant figures,
in this case 2 s.f. Use the correct units. If you have chosen to
call the other interior angle 6, your answer would be 56° W
of N. As long as this is shown clearly on the diagram and you
describe the change in velocity correctly, your answer will be
correct. (1 mark for “Provides correct answer”)

Final v = 15ms™ ! W
6

-
-

— Initial
u=10ms!S

Av =0+ (-u)
-1

=18 ms
6 =34°
(1 mark)
Av=v102%+ 152
= 18ms™! (1 mark)
= tan-110
0 =tan™! 5
= 34° (1 mark)

The change in velocity is 18 ms™ at an angle of
34° S of W. (1 mark)

A cricket ball is travelling at 40.0ms™! south. After being struck by a bat, its velocity changes to 30.0ms™!
west. Construct a vector diagram and calculate the change in velocity. Give your answer to an appropriate

number of significant figures. (6 marks)

How is centripetal acceleration calculated?

You will now use your techniques for dealing v B

with “change of” velocity vectors to analyse B

uniform circular motion for acceleration (Worked

example 4.3B). Consider a ball being whirled around

in a horizontal circle (Figure 3). Again, you use the

term “revolving” for this motion.

The velocity at any point on the circle is a tangent

to the path at that point. For instance, at position A,
the initial velocity vector u points up the page. At

point B, the final velocity vector ¥ points to the left
but it has the same length as the initial velocity, as the
speed remains the same. However, as the direction

of the velocity has changed, the ball is said to be FIGURE 3 A free-body diagram showing

accelerating (centripetal acceleration).
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The formula for acceleration is, as always:

o= change in velocity
- time

However, remember these velocities are in two dimensions now.

The magnitude and direction of this acceleration can be calculated by determining the
change in velocity (Figure 4A):

Change in velocity (Av) = final velocity (v) — initial velocity (z).

Reversing the direction of # and adding it to v: Av = v + (—uw).

As can be seen in Figure 4B, the resultant is directed towards the centre of the circle,
hence it is described as “centre seeking”.

“ A

A

—u

Resultant
Av

FIGURE 4 Subtraction of vectors gives a resultant that points towards the centre.

If the time taken for the ball to go from position A to position B is Az, then the distance
sis vAt (Figure 4C). Let the chord s = vAr (if s is short enough, this is a reasonable
approximation). Using similar triangles:

Av _ s
v T
Av _ vAr
v T T
Ay _ v?
At~ T

Thus, the centripetal acceleration, a , is given by:
a.= %
where ris the radius of the circular path in metres. The acceleration vector is towards the
centre, whereas the velocity vector is perpendicular to this.
But it is a bit surprising that a_is proportional to 2*. This implies, for example,
that if you double the speed by going around a curve at 100kmh" instead of 50kmh!,
it means there is four times the acceleration and hence four times the force required.
As a_is proportional to %, a small radius means a greater value of a, so a_is greater for

tighter turns.
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Worked example 4.3B

Calculating speed and acceleration for circular motion

A rubber stopper of mass 20.0 g on a piece of string 1.5m long is whirled in a horizontal circle at a uniform

speed of 2.0 revolutions per second (rps). Calculate (to an appropriate number of significant figures) the

a average speed (3 marks)
b centripetal acceleration. (3 marks)

I S R S

Step 1: Look at the cognitive verb and mark allocation to
determine what the question is asking you to do.

Step 2: For part a, identify the appropriate formulas and
gather any data that you need.

Step 3: Substitute values into the formula and solve for the
period, 7. (1 mark for “Calculates the period™)

Step 4: Substitute values into the formula for velocity, v,
and solve for v. (1 mark for “Calculates the velocity™)

Step 5: Give your answer to an appropriate number of
significant figures, in this case 2 s.f. Use the correct units.
(1 mark for “Provides correct answer”)

Step 6: For part b, identify the formula for centripetal
acceleration and substitute in the known values. Note that
it is best to use the calculated value for the magnitude

of the velocity before rounding. Make the calculation.

(1 mark for “Demonstrates correct substitution”; 1 mark
for “Calculates the magnitude of the acceleration”)

Step 7: Give your answer to an appropriate number of
significant figures, in this case 2 s.f. Use the correct units.
(1 mark for “Provides correct answer”)

“Calculate” means to determine or find a number or answer
by using mathematical processes. For each part we must
identify the appropriate formula and use it to find an answer.

a r= 1.5m, rotational speed = 2rps
- tme _ _ 2w
~ ho. of revolutions® Y ~ T
— time

no. of revolutions
_ 1s
™ 2.0 revolutions
= 0.50s (1 mark)
= 2mr
=TT
_27%X1.5
~ 050

=18.8ms™! (1 mark)

The average speed is 19ms™ (2 s.f.). (1 mark)

b a=
= —1?:22 (1 mark)
=237ms™? (1 mark)

e

The centripetal acceleration is 240 ms towards the centre of

the circle. (1 mark)

A 50.0g brass mass on a piece of string 75 cm long is whirled in a horizontal circle at a uniform speed of
5.0 revolutions per second (rps). Calculate (to an appropriate number of significant figures) the

a average speed (3 marks)

b centripetal acceleration. (3 marks)

Challenge

Coin revolution

How many revolutions will coin A make while rotating

around coin B (Figure 5)? Try it. You will be surprised!

The theory behind it is mind boggling so do not look

it up — you might be sorry you did! (2 marks)
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Challenge

Radians and rotational speed

The radian per second (symbol: rad s™') is the SI unit of rotational speed, commonly denoted by the
Greek letter omega (w). From your maths classes, you may know that there are 27 radians in a circle of
360°. Engineers use the radians per second, for example, when working out the power of rotating shafts.
Determine how many revolutions per second is 1 rad s7!. (2 marks)

What factors affect centripetal force?

A ball whirled in a horizontal circle at uniform speed is experiencing a centripetal force (F) to
keep it moving in a circle. This is provided by the tension (F ) in the string. Using Newton’s
second law of motion (F = ma):

F=mxa
c c
2
_ _ mo
I:C_Fnct_ r

Note that = F_only for horizontal circular motion. It doesn’t apply for vertical circular
motion — but you are not doing that here. Note also that the downward force of gravity on
the ball is not considered for the simple introductory example in Worked example 4.3C. In
reality, the ball would not travel in a circle in the same plane as the centre of motion. That is
dealt with in Worked example 4.3D.

Worked example 4.3C

Calculating centripetal force and tension

A rubber stopper of mass 20.0 g is whirled in a horizontal circle at constant speed on a string that is 1.5m
long. The average speed is 18.8 ms™!. Calculate the tension in the string due to centripetal motion. Give
your answer to an appropriate number of significant figures. (2 marks)

Step 1: Look at the cognitive verb and mark allocation | “Calculate” means to determine or find a number or answer by
to determine what the question is asking you to do. using mathematical processes. We must identify the appropriate

formula and use it to find an answer.

Step 2: Identify the appropriate formula and gather v =18.8ms! (average speed), r = 1.5m, m = 20.0g = 0.0200kg

any data that you need. For horizontal circular F=F_= m rvz
motion, F_ = F.
Step 3: Substitute values into the formula for F=F_
centripetal force, I/, and solve for F. (1 mark for = ’”fz
“Demonstrates correct substitution”) - 0.020(; >; 18.82 (1 mark)

=4.7N
Step 4: The tension in the string provides the The centripetal force is 4.7 N directed towards the centre of the
centripetal force on the rubber stopper. circle (the direction is needed as it is a vector). Therefore, the
Give your answer to an appropriate number of tension in the string is 4.7 N (no direction needed for tension).
significant figures, in this case 2 s.f. Use the correct (1 mark)

units. (1 mark for “Provides correct answer”)

A 50.0g brass mass on a piece of string 75 cm long is whirled in a horizontal circle at a uniform speed of
23.6ms!. Calculate the tension in the string. Give your answer to an appropriate number of significant
figures. (2 marks)
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How do we analyse horizontal circular motion with gravity?

In Worked example 4.3C, we treated the ball as if it were rotating in a horizontal circle in the

same plane as the centre of rotation (your hand). In practice, gravity pulls downwards on

the ball so that it makes a small angle to the plane containing the centre of rotation. To make

the ball stay in the same plane as the centre of rotation would require an infinite centripetal
force from the tension in the string, so that doesn’t happen.

In Worked example 4.3D, we analyse horizontal circular motion with the string at a

downwards angle because of the force of gravity on the ball.

Worked example 4.3D

Analysing circular motion for a ball on a string angled downwards

During an experiment, a ball of mass

125 g tied to a string of length 2.00 m was
swung in a horizontal circle at constant
speed. The string made an angle of 75.0°
to the vertical as shown in Figure 6. Draw
a free-body diagram of the forces and
determine (to an appropriate number of

FIGURE 6 Ball on a string at an angle travelling in a horizontal circle

significant figures) the

a tension in the string (4 marks)
centripetal force on the ball (2 marks)
radius of the circle (2 marks)

speed of the ball (2 marks)

period of one revolution. (2 marks)

o o6 o

I S

Step 1: Look at the cognitive verb and mark allocation to
determine what the question is asking you to do.

Step 2: For part a, draw a labelled free-body diagram of

all forces acting on the ball to help you resolve the forces.

From the diagram, you can see that the vertical component

of the tension, I, equals the weight, Fg , and the horizontal
component of the tension is the net force, I, , is the centripetal
force, I, and points towards the centre of the circle. (1 mark
for “Constructs a correctly labelled free-body diagram of the
relevant quantities™)

Step 3: Draw a vector diagram showing the addition of forces.
Resolve the tension into two components at right angles
(horizontal and vertical). Use trigonometry to work out the
relationships. (1 mark for “Constructs a correct vector diagram
showing the vertical and horizontal components of tension™)
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“Determine” means to establish after a calculation.

We will need to find a numerical answer using
mathematical processes and showing working. For each
part we must identify the appropriate formula and use it
to find an answer.

(1 mark)
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T T T,

Step 4: Select the formula that shows the relationship between F = F.cost

the tension and the weight. Replace F, with mg. We know all mg = F cos0

values except tension. Substitute values and solve for tension. —_"e

Give your answer to an appropriate number of significant ' (C)Ols 55 %98

figures, in this case 2 s.f. Use the correct units. (1 mark for - 4.0;83 7351.\100. (1 mark)

“Demonstrates correct substitution”; 1 mark for “Provides _
. =4.7N (2 s.f.) (1 mark)
correct answer”)

Step 5: For part b, select the equation that shows the b F = F sinf

relationship between tension and the centripetal force. We =4.733 % sin75° (1 mark)
know all values except F. Substitute values and solve for F. =4.572N

Give your answer to an appropriate number of significant =4.6N (2 s.f.) (1 mark)

figures, in this case 2 s.f. Use correct units. (1 mark for

“Demonstrates correct substitution”; 1 mark for “Provides

correct answer”)

Step 6: For part ¢, look at the first diagram showing forces. ¢ r=2.00X%sin75° (1 mark)
Let the hypotenuse be the length of the string (2.00m) and use =1.932m

trigonometry to solve for the radius. Give your answer to an =1.9m (2 s.£) (1 mark)
appropriate number of significant figures, in this case

2 s.f. Use the correct units. (1 mark for “Demonstrates correct

substitution”; 1 mark for “Provides correct answer”)

Step 7: For part d, we have the value for centripetal forcesowe q F = mrvz

can substitute this value into the appropriate equation and solve Fr
for v. The question asks for speed, so you don’t need to include V=V
the direction. Give your answer to an appropriate number of % (1 mark)
significant figures, in this case 2 s.f. Use the correct units. =8.406ms !
113 : : 2,
(1 mark for “Demonstrates correct substitution”; 1 mark for =8.4ms ! (2 s£) (1 mark)
“Provides correct answer”)
Step 8: One revolution around the centre traces out a path of e v= 2_?
length equal to the circumference of the circle (277). The time T =21
v
taken for one revolution is the period, 7. Thus, velocity is the _ 27x1.932
] o ) =“2106 (1 mark)
circumference divided by the period. Rearrange and solve for 1 4;}4
= 1.444s

T. Give your answer to an appropriate number of significant

figures, in this case 2 s.f. Use the correct units. (1 mark for = 145 (2 s.£) (1 mark)

“Demonstrates correct substitution”; 1 mark for “Provides

correct answer”)

A ball of mass 150 g tied to a string of length 1.50 m was swung in a horizontal circle at constant speed.
The string made an angle of 80.0° to the vertical. Determine (to an appropriate number of significant
figures) the

a tension in the string (4 marks)

b centripetal force on the ball (2 marks)

¢ radius of the circle (2 marks)

d speed of the ball (2 marks)

e period of one revolution. (2 marks)
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How many trials and repetitions are sufficient?

Science inquiry skills: Planning investigations
(Lesson 1.4)

It is difficult to know how many replicates and data
points are “sufficient” for reliable evidence. In the
Skill drill for the previous module, you were asked to
identify whether the data presented met the criteria
for “sufficient”. In this Skill drill we are building on
this by considering how many trials and repetitions
you should plan for different experiments.

Almost all the published studies on the subject
(e.g. Taira et al., 2023) use a minimum of three data
points (trials) as a general rule but agree that an
experiment becomes more reliable only when the data
points are five or more. In some cases where high
reliability is required, they say you could use more,
even as many as 18. However, five is the standard. In
their words, you must collect a minimum of five data
points to enable valid curve fitting.

If you can’t get five for whatever reason, then
you can make your experiment more reliable by
increasing the number of repetitions. The advice
is to do a minimum of three repetitions. You could
then ask, “Do I have to do repetitions for all trials?”’
The researchers say it is still highly recommended
to repeat the experiments for all trials, not just
some. The key point when you design your own
experiment is to plan 5 trials X 3 repetitions, but
then you should consider all the factors about your

How does a conical pendulum work?

You may have seen a swing ride at an amusement park where people
sit in seats attached to long chains, and they are swung around in
circles. You probably know it as a Chair-o-Plane. The photo at the
start of this module shows one in action. It is similar to a conical

experiment that may change that and justify this in
your methodology.

Source: Taira, K., McInnes, D., & Zhang, L.
(2023). How many data points and how large an
R-squared value is essential for Arrhenius plots?
Fournal of Catalysis, 419, 26-36.

Practise your skills

1 A student wants to investigate centripetal
motion and what effect changing the mass of the
rubber stopper has. All they have is three rubber
stoppers of different sizes, so their methodology
calls for 3 trials x 3 repetitions. Propose a
change to make this more reliable. (2 marks)

2 Students doing a centripetal motion experiment
with a rubber stopper whirled horizontally on a
string notice that the string makes an angle of
less than 90° with the vertical. To overcome this
problem, they do 10 repetitions instead of three
for each trial. Evaluate whether this is a suitable
approach for improving reliability. (2 marks)

3 In a magnetism experiment, a student has
developed a research question that asks if Earth’s
magnetic field is greater at noon when the Sun is
high than in the morning. They do two trials: one
at 9 am and one at noon. To overcome the small
number of trials, they decide to do 10 repetitions of
each. Propose how this could be modified to make
conclusions more reliable and valid. (2 marks)

Study tip

Sometimes, when
drawing vector
diagrams, you end
up with a “wrong
start” that does not
give you any useful
formulas to compare.
Do not give up. Try
other vector diagrams
and you might get
one that works.

pendulum. A conical pendulum is a mass attached to a nearly massless
string that is held at the opposite end and swung in horizontal circles
(Figure 7). During the 1800s, conical pendulums were used in clocks
where a smooth motion was required, as opposed to the unavoidably
jerky motion provided by ordinary pendulums.

If we want a particular period, 7; and radius, , for a pendulum, we
can work out the velocity, v, the angle, 6, and the length of the string, L,
required in this case. Questions like this (Worked example 4.3E) really
test out your understanding of the vector nature of circular motion.
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FIGURE 7 A conical
pendulum of mass m
travelling anticlockwise
at constant speed vin a
horizontal circle of radius
r, on a string of length L
making an angle 6 with
the supporting rod shown
in red
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Worked example 4.3E

Determining the motion of a conical pendulum

A conical pendulum is to be constructed with a radius of 25 cm and ball mass of 20.0 g travelling at constant
speed in a horizontal circle that will produce a period of revolution of 1.00s.

Determine, using free-body diagrams where appropriate (to an appropriate number of significant

figures), the
a speed of the revolving ball (2 marks)
centripetal force on the ball (2 marks)

b
¢ angle of the string with respect to the vertical (7 marks)
d

length of the string. (2 marks)

T P,

Step 1: Look at the cognitive verb and mark allocation to
determine what the question is asking you to do.

Step 2: Select the formula for the velocity of objects moving | 4

in a circle and substitute in the known values to solve for v,
the magnitude of which is the speed. Give your answer to
an appropriate number of significant figures, in this case

2 s.f. (1 mark for “Correctly substitutes values”;

1 mark for “Provides correct answer™)

Step 3: Select the formula for centripetal force, F, and
substitute in the known values. Give your answer to an
appropriate number of significant figures, in this case

2 s.f. (1 mark for “Demonstrates correct substitution”;

1 mark for “Provides correct answer”)

Step 4: For part ¢, we need to find the angle 8. We need

to draw a labelled free-body diagram showing the vertical
and horizontal components of the tension force and
gravitational force (weight) acting on the ball. This is
called resolving or “decomposing” the forces into vertical
and horizontal components.

(1 mark for “Constructs a correct free-body diagram of the
relevant quantities”; 1 mark for “Uses vector resolution to
determine the components™)

Step 5: We can see from the free-body diagram that the
vertical vectors are equal as there is no acceleration in the
vertical direction. Thus, we can make F. the subject of
the equation in terms of cosf and Fg (or mg). (1 mark for
“Identifies the relationship between tension, weight and

centripetal force™)

OXFORD UNIVERSITY PRESS

“Determine” means to establish after a calculation. We

will need to find a numerical answer using mathematical
processes and showing working. For each part we must
identify the appropriate formula and use it to find an answer.

— 2mr
v=TT

= 72715000'25 (1 mark)

=1.257ms !

=1.3ms ! (2 s.f.) (1 mark)

2

b F="¢
_ 0.020 x 1.5712
- 0.25
=0.197N

=0.20N (2 s.f.) (1 mark)

(1 mark)

c A
1
1
i
1
FT cos 0 ! FT cos 0
|
1
1
1
F
g
(1 mark for weight vector Fg)
(1 mark for resolution of tension into correct vertical and
horizontal components)
F cosf=F,
F.cosf = mg
_ mg
T osO (1 mark)
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« T S
Step 6: Now do the same with the horizontal vectors. This | F sinf = F,

ives us F._ in two simultaneous equations. (1 mark for F.
gves ™ . .q ( F. =45 (1 mark)
“Provides appropriate mathematical reasoning™)

Step 7: Equate the two equations as they bgth are equal FC _ g (1 mark)

to F.. We can use the trigonometric ratio zggz = tan6 to s.mH C}?SH

simplify it, so we can now solve for #. Give your answer % = m_fg

to an appropriate number of significant figures, in this tand = 0(;.()1?(79 + (1 mark)
case 2 s.f. (1 mark for “Provides appropriate mathematical 0= t:;m‘l 1. 0'05
reasoning”; 1 mark for “Demonstrates correct =45.1°
substitution”; 1 mark for “Provides correct answer”) =45° (2 s.f.) (1 mark)
Step 8: We can see from the diagram that as we have the d sinf= IL

angle, 0, and the opposite side of the right-angled triangle, L=—-""(1 mark)

r, we can work out the hypotenuse (length of string, ). 313925
Give your answer to an appropriate number of significant = 5ind5.1
figures, in this case 2 s.f. (1 mark for “States correct =0.353m

relationship between length, radius and angle”; 1 mark for =0.35m (2 s.£) (1 mark)

“Provides correct answer”)

A conical pendulum similar to Figure 7 has a 35 g brass ball attached to string and revolves in a horizontal
circle of radius 1.00m at constant speed. It has a period of 2.00s.
Determine, using free-body diagrams where appropriate (to an appropriate number of significant
figures), the
a speed of the revolving ball (2 marks)
b centripetal force on the ball (2 marks)
¢ angle of the string with respect to the vertical (7 marks)
d length of the string. (2 marks)

What provides the centripetal force in a circular racetrack?

A racing car travelling around a circular track is similar to a ball being whirled around on
a string. A vehicle travelling around a bend on a level road can be viewed also as going on a
circular path. The sideways friction between the tyres and the road provides the force needed
to prevent the car from just going straight ahead. The
friction provides the centripetal force. If the car was
to hit a wet patch all of a sudden, the friction would
be reduced and insufficient centripetal force could be
provided, so the car would tend to go straight ahead,
possibly even spinning out of control.

The maximum safe speed to go around a curve
is when the car’s average speed requires a centripetal
force equal to the friction. For a car with rubber tyres
on a dry bitumen road, friction is typically equal to
70 per cent (0.7 times) of the car’s weight. (For a wet

FIGURE 8 The tyres on these racing cars have to provide the road the friction is closer to 50 per cent of the weight,
centripetal force to enable the cars to follow the circular path. and on an oil patch it is as low as 5 per cent.)
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We can equate the centripetal force and frictional force, and use this to find an expression

for the maximum safe speed:

F=F,
2

mf = 0.7mg

v2=0.7gr

v =+0.7gr

As you can see, the mass term, , is on both sides of the equation, so it cancels out.
Big cars have the same maximum safe speed as small cars. Note that the mathematical
relationship between friction and weight is outside the scope of the syllabus. It is mentioned
here as a practical example of horizontal circular motion.

Challenge

Cars on a racetrack have a choice
of two paths to round a corner, as
shown in Figure 9. Which path,

1 or 2, would allow the car to travel
at a higher speed when doing so?
Justify your answer. (2 marks)

FIGURE 9 One of these paths will allow the car to travel
through the curve at higher speed.

Worked example 4.3F

Calculating centripetal force and friction going through a curve

A motorcycle and rider with a total mass of 1,250 kg are travelling at a constant speed around a dry circular
bitumen track of radius 56 m. Calculate the maximum safe speed without slipping. Give your answer to
an appropriate number of significant figures. Assume friction is 0.7 times the weight of the motorcycle

and rider. (4 marks)

Step 1: Look at the cognitive verb and mark allocation to “Calculate” means to determine or find a number or

determine what the question is asking you to do. answer by using mathematical processes. We must identify
the appropriate formula and use it to find an answer.

Step 2: Identify the appropriate formula and gather any data | = 1,250kg, » = 56 m; F.=07 Fg

2
that you need. F= mo
Step 3: Equate the maximum centripetal force to the F. = F, (1 mark)
frictional force and simplify the equation. (1 mark for mfz =0.7mg
“Identifies the equivalence of centripetal force and friction” v? = 0.7gr
and 1 mark for “Provides appropriate mathematical v =10.7gr (1 mark)

reasoning”)
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Step 4: Substitute in the known values and solve for speed, v.
Give your answer to an appropriate number of significant
figures, in this case 2 s.f. Use the correct units. The question
asks for speed and not velocity, so a direction is not required.
(1 mark for “Demonstrates correct substitution” and 1 mark
for “Provides correct answer”)

2=v0.7 X 9.8 X 56 (1 mark)
=19.6ms !
=20ms ! (2 s.f.) (1 mark)

A car and driver with a total mass of 1,950 kg are travelling at a constant speed around a wet circular
bitumen track of radius 75.0 m. Calculate the maximum safe speed without slipping. Give your answer to an
appropriate number of significant figures. Assume friction is 0.3 times the car’s weight. (4 marks)

Why does a banked circular racetrack allow for

more speed?

A banked curve is one that has its surface at an angle with respect to the horizontal. Racing

cars use banked circular tracks to be able to go to high speeds without skidding off the track.
When a racing car moves around a banked curve, two forces are acting on it: gravity, which
pulls it downwards, and the normal force, which is the force exerted by the track that pushes
the car upwards. The combination of these two forces provides the necessary centripetal force

that keeps the car moving in a circular path. Without banking, the car would have to rely

solely on friction between the tyres and the track to provide this centripetal force. However,
there is a limit to how much friction can be generated, and beyond a certain speed, the car
would skid off the track. The steeper the banking, the greater the component of the normal
force that acts towards the centre of the circle, providing the necessary centripetal force. Let’s

consider this further.

Fysin@

FIGURE 11 Resolution of forces on a banked

FIGURE 10 A banked racetrack being used for the Daytona 500 in Florida, USA racing track
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To examine the various forces, we look at a coordinate system that points to the centre of

a circle because this is about centripetal motion (Figure 11). You are familiar with the three
lower vector arrows from your knowledge of inclined planes. The force Fg is shown as mg.
This has been resolved into a parallel component, mgsind, and a perpendicular component,
mgcos 6, which you will recall from the previous module on inclined planes.

We also have the uppermost forces. There is a normal force, F,, from the surface of the
track upwards against the car. Note that the F| arrow is much longer than the mgcos@ arrow.
This may surprise you because you’re used to making them the same length in inclined plane
questions. But that was when the normal force was just responding to gravity alone. However,
in this case the car is going in a circle and requires a centripetal force to make it do so. This
centripetal force is supplied by the surface of the track. So, F| is responding to components of
gravity and the centripetal force. That’s why it has a greater length.

The normal force can be resolved into two components: one vertical, F,; sin¢, and one
horizontal, F, cos6. There is no acceleration in the vertical direction so F, cosf must
equal mg. You will notice how their vector arrows are equal in length and opposite in
direction. We can rearrange this to give F, = %. In the horizontal direction there is just
F, sin, and this must supply the centripetal force. In other words, F_ = F,; sin6. Let’s put
all of this together. We should firstly note, though, that the development of the equation that
follows is outside the scope of the syllabus and will not be tested in the external exam. It is
included to make the point mathematically that a banked track allows for higher speeds.

F = F_sin@
c N
mo> _ mg .
T = 050 < sind
2 _ gsinf
T 7 cosf
2
UT = gtand
_ 22
tand =77

Thus, for every single angle, there exists a velocity for which no friction is required at all
to move the object along the curve. This means that the car will be able to turn even under
the most slippery conditions (ice or water) at that angle and speed.

Worked example 4.3G

Angle of a banked track for high speed

A race car of mass 1,500 kg is travelling around a banked curve of radius 50 m at a maximum speed of 25ms™".

It is an icy track, so friction is zero. Determine (to an appropriate number of significant figures) the

a centripetal force on the car (4 marks)

b angle of the incline of the track. (3 marks)

T R
Step 1: Look at the cognitive verb and mark allocation to determine = “Determine” means to establish after a calculation.
what the question is asking you to do. We will need to find a numerical answer using

mathematical processes and showing working. For

each part we must identify the appropriate formula
and use it to find an answer. }
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Step 2: For part a, identify the appropriate formula and gatherany a »=25ms™, r=50m, F.=0
data that you need. F = @

Step 3: Draw a free-body diagram showing the relevant forces and F =F.. sind
their components. (1 mark for “Constructs a free-body diagram c N
of the forces involved”; 1 mark for “Constructs a correctly labelled
vector diagram of the relevant quantities™)

(1 mark for diagram; 1 mark for correct labels)

Step 4: Select the correct formula to calculate the centripetal force, F= mo?
c r

F_. Make the calculation and give your answer to an appropriate

L . i i _ 1,500 x 252
number of significant figures, in this case 2 s.f. Use the correct =—%5 (1 mark)
units. (1 mark for “Demonstrates correct substitution”; 1 mark for =18,750N
“Calculates the centripetal force”) =19,000 N (2 s.f.) (1 mark)
Step 5: For part b, equate the weight (mg) and the vertical b I cosf =mg
component of the normal force (I, cos®) as there is no acceleration = Czlsgg
in the vertical direction. Rearrange to make F the subject.
Step 6: Rearrange the centripetal force component (F,, sin€) to F = Fsin0
make F; the subject. _E
N~ sinf

Step 7: Equate the two formulas for 7 from steps 5 and 6. Fo="8 _ E 1 K

. . . N_cosa_sinﬁ( mark)
Substitute in the known values and solve for the angle 6. Give o F
your answer to an appropriate number of significant figures, in % = m_fg
this case 2 s.f. Use the correct units. (1 mark for “Identifies the tan6 = 51(2)367:% & (1 mark)
relationship between the normal force and other quantities”; _ 1’ 2755 '
1 mark for “Provides appropriate mathematical reasoning”; 1 mark 0= 5i_9oo
for “Provides correct answer”) =52° (2 s.f.) (1 mark)

Your turn

A racing car of mass 1,000 kg is travelling around a banked curve of average radius 125 m at a maximum
speed of 25ms™'. It is an icy track, so friction is zero. Determine (to an appropriate number of significant
figures) the

a centripetal force on the car (4 marks)

b angle of the incline of the track. (3 marks)

How do centripetal forces relate to the Sun, Moon
and Earth?

Earth is held in orbit by a gravitational force between it and the Sun that provides enough
centripetal force to keep it moving in a circle instead of continuing in a straight line. The
same applies to Earth and the Moon (Figure 12). In the next module you will be making use
of the relationships developed here to examine these solar and planetary forces.
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FIGURE 12 The Sun, Earth and Moon's gravitational interactions supply the centripetal forces.

Check your learning 4.3

Check your learning 4.3: Complete these questions online or in your workbook.

Retrieval and comprehension 5 A centripetal force of 64 N is acting on a brick of
1 Identify what is “uniform” in uniform circular mass 2.8kg being swung in a horizontal circle of
motion. (1 mark) radius 0.75 m. Calculate
2 Clarify the following statements about uniform a the velocity of the brick (2 marks)
circular motion. (1 mark each) b its centripetal acceleration (2 marks)
a Constant velocity means that an object is not ¢ its rotational speed in rpm. (2 marKks)
accelerating.

Analytical processes

Lz RGP O S g el e 6 A 150gball is tied to a pole with a rope of length

1

leration. .
acceleration 1.5m, and spins around the pole at 20.0ms™.
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