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CHAPTER

1 Practical investigation

This chapter covers most of the skills needed to successfully plan and conduct a
practical investigation.

Section 1.1 is a guide to designing and planning an investigation, including how to
write a hypothesis, and how to identify the variables. It explains validity, reliability,
precision and accuracy, to assist in planning an investigation appropriately.

Section 1.2 is a guide to conducting investigations. It describes methods for
accurately collecting and recording data to uncertainty errors. It explores presenting
data using tables and graphs, to aid in selecting the most appropriate format for
presenting the results.

Section 1.3 explains how to discuss an investigation and draw evidence-based
conclusions that relate to the hypothesis and research question.

Practical Investigation Steps

The size and scope of a practical investigation can be initially quite daunting, but
establishing a task list and timeline will help break it down into manageable steps.
The entire task is expected to take between 7 and 10 hours.

Here are some steps that will need to be considered in a timeline:

» Determine the topic and type of investigation.

» Research and write down the theory on which the investigation is based.

» Determine an appropriate question to answer, and formulate a hypothesis.

« |dentify the independent, dependent and controlled variables.

+ Select equipment and resources needed for the investigation.

» Determine an appropriate procedure (methodology), considering validity, reliability
and accuracy.

+ Assess the risks and ethical issues, and identify measures to address these.

» Conduct the investigation and record all data obtained.

+ Analyse and evaluate the data.

« Evaluate your methods. Suggest ways of improving or extending the investigation.

+ Write an evidence-based conclusion. Describe the limitations of the study.

+ Write the final report. (This should not be the focus of the investigation but rather
an opportunity to communicate the investigation process and your conclusions.)

Some of these tasks are larger and will require more time than others. Many will

overlap. Plan a realistic approach, consult with teachers to establish school-based

time constraints and fix dates for the completion of each task. Allow time for

reflection and to review your earlier work.




Science Inquiry Skills

« identify, research and construct questions for investigation; propose hypotheses;
and predict possible outcomes
design investigations, including the procedure to be followed, the materials
required, and the type and amount of primary and/or secondary data to be
collected; conduct risk assessments; and consider research ethics
conduct practical work, including the manipulation of devices, safely, competently
and methodically for the collection of valid and reliable data
Represent data in meaningful and useful ways, including using appropriate
Systeme Internationale (Sl) units and symbols, and significant figures
organise and analyse data to identify trends, patterns and relationships
identify sources of random and systematic uncertainty and estimate their effect
on measurement results
state absolute uncertainties in values and calculate percentage uncertainty where
appropriate
combine uncertainties in calculations to determine the overall uncertainty in a
measurement (addition, subtraction, multiplication and division)
identify anomalous data and calculate the percentage difference between the
experimental results and a currently accepted value
select, synthesise and use evidence to make and justify conclusions
interpret a range of scientific texts and evaluate processes and conclusions by
considering the available evidence, and use reasoning to construct scientific
arguments
select, construct and use appropriate representations, including text and graphical
representations of empirical and theoretical relationships, to communicate
conceptual understanding, solve problems and make predictions
select, use and interpret appropriate mathematical representations, including
linear and non-linear graphs and algebraic relationships representing physical
systems, to solve problems and make predictions
relate gradients and axis intercepts of linear graphs to physical quantities
apply dimensional analysis to determine the appropriate units for calculated
quantities, e.g. a gradient in a graph
use uncertainty bars to represent the uncertainty in a value on a graph and take
into account when sketching a line of best fit
communicate to specific audiences and for specific purposes using appropriate
language and nomenclature

School Curriculum and Standards Authority. (2023). Physics ATAR course Year 11 Syllabus for teaching from 2025.




1.1 Designing and planning the
investigation

Taking the time to carefully plan and design a practical investigation before you
begin will help you to maintain a clear and concise focus throughout. Preparation
is essential. Ensure you understand the theory behind the investigation and prepare
a detailed plan for the practical components of the investigation. This section is a
guide to some of the key steps that should be taken when planning and designing a
practical investigation (Figure 1.1.1).

DETERMINING THE TYPE OF INVESTIGATION

In your course, you will be expected to prepare a portfolio of the practical work
you have undertaken across the range of physics areas studied. This portfolio will
include evidence of a variety of science inquiry skills, including experimental design
and the communication and evaluation of scientific data.

Several types of research methods are used in science. Physics investigations
typically fall into two methodologies:
¢ analysing the slope of a linear graph
¢ determining the relationship between two continuous variables.

From your research on the topic you are investigating you may find that there
is a mathematical relationship between the variables that you are exploring. It may
be possible to use your algebra skills to write the mathematical relationship in the
form of a linear equation, y = mx + ¢, where y is the dependent variable and x is the
independent variable. A graph of the y and x variables will result in a linear graph
with a slope equal to a constant, m, or collection of constants. By equating the
value of the slope to these constants some meaningful analysis can be made, such
as finding a value for the acceleration due to gravity or the specific heat capacity
of a metal.

If, in your research, you find that there is no equation that links your variables,
then you can investigate to determine what the relationship might be. By graphing
your variables, you may find that the relationship is linear, or it may be inverse,
exponential or even inverse squared. An investigation of this kind results in a
calibration curve, which can be used to predict values of the dependent variable
given particular values of the independent variable.

DEVELOPING RESEARCH QUESTIONS AND AIMS,
FORMULATING HYPOTHESES AND IDENTIFYING
VARIABLES

The research question, aim and hypothesis are interlinked. It is important to note
that each of these can be refined as the planning of the investigation continues.

Formulating a question

A research question is a question that comes from an inquiring mind. When you are
actively involved in developing your scientific understanding you will want to know
what factors affect a variable, or what is the relationship between two variables.
The research question poses the question that the investigation seeks to answer. For
example: What is the relationship between voltage and current?

Before formulating a question, it is good practice to conduct a literature review of
the topic to be investigated. You should become familiar with the relevant scientific
concepts and key terms.

During this review, write down questions, correlations or equations as they arise.

Compile a list of possible ideas. Do not reject ideas that initially might seem
impossible. Use these ideas to generate questions that are answerable.
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FIGURE 1.1.1 There are many elements to

a practical investigation, which may appear
overwhelming to begin with. Taking a step-by-
step approach will help the process and assist
you in completing a worthwhile investigation.
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SCIENCE INQUIRY SKILLS

Before constructing a hypothesis, formulate a question that needs an answer.
This question will lead to a hypothesis when:
e the question is reduced to measurable variables
* a prediction is made based on knowledge and experience.

Evaluating your question

Once a question has been chosen, stop to evaluate the question before progressing.
The question may need further refinement or even further investigation before it is
suitable as a basis for an achievable and worthwhile investigation. A major planning
point is to attempt something that is possible to complete in the time available
or with the resources on hand. It might be a little difficult to create a particularly
complicated device with the facilities available in the school laboratory.

To evaluate the question, consider the following:

¢ Relevance: Is the question related to the appropriate area of study?

e Clarity and measurability: Can the question lead to a clear hypothesis? If the
question cannot lead to a specific hypothesis, it will be very difficult to complete
the research.

* Time frame: Can the question be answered within a reasonable period of time?
Is the question too broad?

*  Knowledge and skills: Do you have a level of knowledge and a level of laboratory
skills that will allow the question to be explored? Keep the question simple and
achievable.

e Practicality: Are resources, such as laboratory equipment and materials, likely
to be readily available? Keep things simple. Avoid investigations that require
sophisticated or rare equipment. Equipment that is more-readily available
includes timing devices, objects that could be used as projectiles, a tape measure
and other common laboratory equipment.

* Safety and ethics: Consider the safety and ethical issues associated with the
question you will be investigating. If there are issues, can these be addressed?

e Advice: Seek advice from your teacher about the question. Their input may
prove very useful. Their experience may lead them to consider aspects of the
question that you have not thought about.

Defining the aim of the investigation

An aim is a statement describing in detail what will be investigated to answer the
research question. For example: The aim of the experiment is to investigate the
relationship between the voltage and current in a circuit with constant resistance.
Each aim should directly relate to the variables that will be referred to in the
hypothesis. The aims do not need to include the details of the method.

Example

e Aim:The aim of the experiment is to investigate the relationship between mass
and acceleration, when a constant force is applied.

Hypothesis

A hypothesis is a definite statement, based on previous knowledge and evidence
or observations, that attempts to answer the research question. The hypothesis
must relate the independent and dependent variables and describe the relationship
between them. For example: Increasing the voltage supplied to a circuit with
constant resistance increases the current proportionally.
Here are some further examples of hypotheses:
» For a constant force, if the mass is increased, the acceleration is decreased as an
inverse relationship.
o If the value of the resistance of a circuit increases, the current flowing in the
circuit will decrease as an inverse relationship.



* Assuming no heat loss to the surroundings, the temperature rise of a fixed mass
of water is proportional to the time it is heated by a constant power source.

e As the height from which an object is dropped increases, the final velocity of the
object will increase as a squared relationship.

There are no wrong or right hypotheses. You might formulate a hypothesis that a
more experienced person will disagree with; however, the purpose of an investigation
is to find the answer to a research question. If the answer to the question supports your
hypothesis, then that is a positive result, as it will confirm your understanding of the
concept. On the other hand, if your investigation does not support your hypothesis, then
that is a useful result as well, as you can now say that your original understanding was
not correct and you can change your understanding to a more scientific one. Some of
you might notice that the following hypothesis will not be supported by the investigation:
¢ The greater the mass of a marble, the faster it will hit the ground, when dropped

from the same height.

This doesn’t mean that the hypothesis is wrong, but it may indicate that there was
some misconception that you had that was not exposed in your literature review.

Formulating a hypothesis

A good hypothesis should:

* Dbe a definite statement of the relationship

* include an independent and a dependent variable that is continuous and
measurable

¢ be worded so that it can be tested in the experiment.

The hypothesis should also be falsifiable. This means that a negative outcome
would disprove it. For example, the hypothesis that all apples are round cannot be
proved beyond doubt, but it can be disproved, in other words, it is falsifiable. In
fact, only one oval-shaped apple is needed to disprove this hypothesis. Unfalsifiable
hypotheses cannot be tested by science. These include hypotheses on ethical, moral
and other subjective judgements.

Variables

A good scientific hypothesis can be tested, that is, it can be supported or refuted

through investigation. To be a testable hypothesis, it should be possible to measure both

the change or treatment and the effect, or what will happen. The factors that can be

changed, or are changed as a result of the experiment or investigation, are called the

variables. An experiment or investigation determines the relationship between variables.
There are three categories of variables:

¢ The independent variable is the variable that is changed by the researcher.
You must test only one independent variable in any investigation, otherwise it
cannot be stated that the changes in the dependent variable are the result of
changes in the independent variable.

* The dependent variable is the variable that may change in response to a
change in the independent variable. This is the variable that will be measured or
observed. You should measure only one dependent variable in any investigation.
If you want to measure another dependent variable then you will need to do
another investigation with another hypothesis.

¢ Controlled variables are all the variables that must be kept constant during the
investigation otherwise the test cannot be fair.

Read the following example of a hypothesis.
If the cross-sectional area of a resistor is constant, the longer the wire, the greater the
resistance as a linear relationship.

Identify the different variables.

¢ independent variable: length of wire

¢ dependent variable: resistance of the wire

¢ controlled variables: potential difference, material of the resistor, temperature of
the resistor.

CHAPTER 1 | PRACTICAL INVESTIGATION 5
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Completing a table like Table 1.1.1 will assist in evaluating the question or questions.

TABLE 1.1.1 Break the question down to determine the variables.

Research question How does the power of a kettle affect the time taken to boil water?
INGELENGENIATETIEL I the power of the kettle
Dependent variable the time the kettle takes to boil water

Controlled variables mass of the water, purity of the water, starting temperature of the
water and kettle

Potential hypothesis The greater the power of a kettle, the less time it will take to boil
water, as an inverse relationship

Qualitative and quantitative variables

Variables are either qualitative or quantitative, with further subsets in each category.

Qualitative variables can be observed but not measured; for example,

describing a light globe as bright or dim. They can only be sorted into groups

or categories such as brightness, type of construction material or type of device.

- Nominal variables are categorical variables in which the order is not
important; for example, the type of material or type of device.

- Ordinal variables are categorical variables in which order is important and
groups have an obvious ranking or level; for example, brightness (Figure 1.1.2).

Quantitative variables can be measured. Length, area, weight, temperature

and cost are all examples of quantitative data.

- Discrete variables consist of only integer numerical values, not fractions; for
example, the number of pins in a packet, the number of springs connected
together, or the energy levels in atoms.

- Continuous variables allow for any numerical value within a given range; for
example, the measurement of temperature, length, mass and frequency.

In physics, you should choose continuous quantitative variables for both the

independent and dependent variables. This will allow you to construct a line graph,

and therefore determine the slope of the line, or the relationship between the variables.

FIGURE 1.1.2 When recording qualitative data, describe in detail how each variable will be defined. For
example, if recording the brightness of light globes, light meters are a quantitative way to gather data.

WRITING THE METHODOLOGY

The methodology, or method, of your investigation is a step-by-step procedure.
When detailing the method, ensure it enables you to conduct a valid, reliable and
accurate investigation.



Validity
Validity refers to whether an experiment is in fact testing the hypothesis. Is the
investigation obtaining data that is relevant to the question, or is it flawed?

To ensure an investigation is valid, it should be designed so that only one variable
is changed at a time. The other variables must remain constant, so that meaningful
conclusions can be drawn about the effect of the independent variable alone.

To ensure validity, you must carefully determine:

* the independent variable—the variable that will be changed, and how it will
change

e the dependent variable—the variable that will be measured

* the controlled variables—the variables that must remain constant.

Reliability

Reliability refers to the idea that the experiment can be repeated many times and

will obtain consistent results. You can maintain the investigation’s reliability by:

* listing and defining the control variables and how they will be kept constant

¢ listing the detailed steps that you will take to conduct the experiment, describing
what you will do and how you will measure and record data

e ensuring that there are enough changes of the independent variable. Typically, five
changes over a wide range of the independent variable are considered sufficient.

e ensuring there are enough trials conducted for each value of the independent
variable. Typically, you should conduct at least three trials repeating the
experiment, then average the three measurements. This reduces random errors
and allows systematic errors to be identified. If a reading differs too much from
the rest (known as an outlier), discard it before averaging (Figure 1.1.3).

N

e

)

C)

)
4

FIGURE 1.1.3 Replication increases the reliability of your investigation. It ensures that if anyone
repeats the investigation they will obtain similar data.

Accuracy and precision

Precision refers to the extent to which the instrument can make repeated measures
of the dependent variable that are the same for the same value of the independent
variable. For example, if each measurement of the current in an electrical circuit is
within 0.1 A of the others, then the device is more precise than a device for which
there is a difference of 0.5A. Accuracy refers to how close a measurement is to the
true or accepted value.

CHAPTER 1 | PRACTICAL INVESTIGATION 7
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You will need to consider if the instruments to be used are sensitive enough.
Build some testing into your investigation to confirm the accuracy and reliability of
the equipment and your ability to read the information obtained.

Reasonable steps to ensure the accuracy of the investigation include considering:
* the type of instrument that will be used to measure the independent and

dependent variables.

e calibrating the measuring equipment by testing a standard.

Describe the materials and method in appropriate detail in your scientific reports.
This should ensure that every measurement can be repeated and the same result
obtained within reasonable margins of experimental uncertainty. (A margin of less
than 5% is reasonable.)

Data analysis

How you will be analysing the data produced from your investigation must be
considered when writing your method. A wide range of analysis tools are available.
For example, tables can be used to organise data so that patterns can be established,
and graphs can show relationships and comparisons. In fact, preparing an empty
table showing the data that needs to be obtained will help in the planning of the
investigation. See page 13 for more information on organising a data table.

Sourcing appropriate materials and technology

When designing your investigation, you will need to decide on the materials,
technology and instrumentation that will be used to carry out your research. It is
important to find the right balance between items that are easily accessible and those
that will give you accurate results. As you move on to conducting your investigation,
it will be important to take note of the quality of your chosen instruments and how
this affects the accuracy and validity of your results.

Modifying the methodology

The methodology may need modifying as the investigation is carried out. The
following actions will help to determine any issues in the methodology and how to
modify it.

¢ Record everything.

* Be prepared to make changes to the approach.

* Note any difficulties encountered and the ways they were overcome. What
were the failures and successes? Every test carried out can contribute to the
understanding of the investigation as a whole, no matter how much of a disaster
it may first appear.

¢ Do not panic. Go over the theory again, and talk to the teacher and other
students. A different perspective can lead to a solution.

If the expected data is not obtained, don’t worry. As long as it can be critically
and objectively evaluated, with the limitations of the investigation identified and
further investigations proposed, the work is worthwhile.

COMPLYING WITH ETHICAL AND SAFETY GUIDELINES
Ethical considerations

Some investigations require an ethics approval-—consult with the teacher. In fact,
when deciding on an investigation, identify all possible ethical considerations and
evaluate whether those parts of the investigation are necessary or if there are ways
you can reduce or mitigate them.

Occupational health and safety

While planning for an investigation, it is important to consider the potential risks to
ensure the safety and yourself and others.



Everything we do has some risk involved. Risk assessments are performed to
identify, assess and control hazards. A risk assessment should be performed for
any situation, in the laboratory or outside in the field. Always identify the risks
and control them to keep everyone safe. For example, carry out voltage—current
experiments with low voltages (less than 6.0V DC or 4 x 1.5V batteries) coupled to
resistors so that the currents in the circuits are of the order of milliamps. At all tzmes
avoid direct exposure to 240 VAC household voltages (Figure 1.1.4).

To identify risks, think about:

» the activity that will be carried out

¢ the equipment or chemicals that will be used.

The following hierarchy of risk controls is organised from most to least effective:
1 Elmination: Eliminate dangerous equipment, procedures or substances.

Substitution: Find different equipment, procedures or substances to use that will
achieve the same result, but have less risk associated with them.

3 Isolation: Ensure there is a barrier between the person and the hazard. Examples
include physical barriers such as guards in machines, or fume hoods to work
with volatile substances.

4  Engineering controls: Modify equipment to reduce risks.

5 Administrative controls: Provide guidelines, special procedures, warning signs
and information about safe behaviours for any participants.

6  Personal protective equipment (PPE): Wear safety glasses, lab coats, gloves and
respirators etc. where appropriate. Provide these to other participants as needed.

Science outdoors

Sometimes investigations and experiments will be carried out outdoors. Working
outdoors has its own set of potential risks and it is equally important to consider
ways to eliminate or reduce these risks.

Table 1.1.2 contains examples of risks associated with fieldwork outdoors.

TABLE 1.1.2 Risks associated with fieldwork outdoors.

sunburn wear sunscreen, a hat and sunglasses

hot or cold weather wear clothing to protect against heat or cold

projectile launch create barriers so that people know not to enter the area

trip hazards minimise the use of cables (electrical, computer) and cover them

up with matting
be aware of tree roots, rocks etc.

First aid measures

Minimising the risk of injury reduces the chance of requiring first aid assistance.
However, it is still important to have someone with first aid training present during
practical investigations. Always tell the teacher or laboratory technician if an injury
or accident happens.

Personal protective equipment

Everyone who works in a laboratory wears items that help keep them safe. This is
called personal protective equipment (PPE) and includes:

» safety glasses

¢ shoes with covered tops

» disposable gloves when handling chemicals

* adisposable apron or a lab coat if there is risk of damage to clothing

* ear protection if there is risk to hearing.
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FIGURE 1.1.4 When planning an investigation,
you need to identify, assess and control hazards.




1.1 Review

An aim is a statement describing in detail what
will be investigated. For example: The aim of
the experiment is to investigate the relationship
between force, mass and acceleration.
A hypothesis is a definite statement of the
relationship between the independent and
dependent variables based on previous knowledge
and evidence or observations that attempts to
answer the research question. For example: With
the force kept constant, the acceleration decreases
with increasing mass as an inverse relationship.
Once a question has been chosen, stop to evaluate
the question before progressing. The question
may need further refinement or even further
investigation before it is suitable as a basis for an
achievable and worthwhile investigation. Make
sure that it is possible to complete the activity in
the time available and with the resources on hand.
It might be a little difficult to create a particularly
complicated device with the facilities available in
the school laboratory.
There are three categories of variables:
- The independent variable is the variable that is
changed by the researcher.

KEY QUESTIONS

1

In a practical investigation a student changes the
potential difference across a circuit by adding or

subtracting batteries in series in the circuit.
a How could the potential difference be a discrete

value?
b How could it be continuous?

In another experiment the student uses the following

range of values to describe the brightness of a light:
dazzling, bright, glowing, dim, off. What type of
measurement is the variable ‘brightness’?

Select the best hypothesis from the three options
below. Give reasons for your choice.

A Hypothesis 1: If you increase the mass of the

marble that you drop, the final velocity of the
marble will increase linearly.

B Hypothesis 2: The greater the potential difference
across a resistor, the greater the current through it.

C Hypothesis 3: Different metals will have different
resistances.

- The dependent variable is the variable that
may change in response to a change in the
independent variable. This is the variable that
will be measured or observed.

- Controlled variables are all the variables that
must be kept constant during the investigation
so that it is a fair test.

The methodology of your investigation is a
step-by-step procedure. When detailing the
methodology, ensure it complies as a valid,
reliable and accurate investigation.
It is also important to determine how many times
the independent variable needs to be changed
and how many trials need to be run for each
change in the independent variable.
Data analysis should be a consideration in the
method. Determine how the data will be presented
and analysed. A wide range of analysis tools could
be used. For example, tables organise data so that
patterns can be established and graphs can show
relationships and comparisons.

In every investigation you need to consider the

risks and potentially hazardous situations, and act

to minimise those risks.

Give the correct term that describes an experiment
with each of the following conditions.

a The experiment addresses the hypothesis and aims.
b The experiment is repeated and consistent results

are obtained.

¢ Appropriate, high-quality equipment is chosen and

calibrated for the desired measurements.
A student wanted to find out how the tension in an
elastic band affects the band’s initial velocity when
launched from their finger. State:
a the independent variable
b the dependent variable
¢ three controlled variables.
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1.2 Conducting investigations, and
recording and presenting data

Once the planning and design of a practical investigation is complete, the next
step is to undertake the investigation and record the results. As with the planning
stages, there are key steps and skills to keep in mind to maintain high standards and
minimise potential error throughout the investigation (Figure 1.2.1).

This section will focus on the best methods for conducting a practical investigation,
systematically generating, recording and processing data, and then presenting it in a
concise and clear manner.

CONDUCTING INVESTIGATIONS TO COLLECT AND
RECORD DATA

For an investigation to be scientific, it must be objective and systematic. Ensuring
familiarity with the methodology and protocols before beginning will help you to
achieve this.

While working, keep asking questions: Is the work biased in any way? If changes
are made, how will they affect the study? Will the investigation still be valid for the
aim and hypothesis?

It is essential that during the investigation the following are recorded:

» all quantitative data collected

¢ the methods used to collect the data

e any incident, feature or unexpected event that may have affected the quality or
validity of the data.

The data recorded is the raw data. Usually this data needs to be processed in
some manner before it can be presented. If an error occurs in the processing of the
data or you decide to present the data in an alternative format, the recorded raw
data will always be available for you to refer back to.

IDENTIFYING ERRORS

All practical investigations have errors associated with them. Errors can occur
for a variety of reasons. It is important that potential errors are considered when
planning an investigation and that measures are taken to reduce them. This ensures
the investigation is as accurate as possible. Any additional errors that occur during
the collection of results should also be recorded.

There are two types of errors:
e systematic errors
* random errors.

Systematic errors

A systematic error is an error that is consistent and will occur again if the
investigation is repeated in the same way.

Systematic errors are usually a result of instruments that are not calibrated
correctly or methods that are flawed.

An example of a systematic error would be if a ruler mark indicating 5 cm from
0 cm was actually only 4.9 cm from 0 cm due to a manufacturing error or shrinkage
of the wood. Another example would be if the researcher repeatedly used a piece of
equipment incorrectly throughout the entire investigation. Figure 1.2.2 shows how
traffic police reduce systematic errors in their data collection.

Random errors

Random errors occur in an unpredictable manner and are generally small.
Random errors are typically caused by minor, unpredictable changes in experimental
conditions that lead to fluctuations around the true value. An example of a random
error could be electronic noise in the circuit of an electrical instrument.

FIGURE 1.2.1 When carrying out your
investigation try to maintain high standards to
minimise potential errors.

FIGURE 1.2.2 To avoid a systematic error, make
sure that you are using measuring equipment
correctly. Laser speed guns, for example, need
to be placed on a stationary support so the aim
point is held on a single target point for the
duration of the read.
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Techniques for reducing error

Designing the method carefully, including selection and use of equipment, will help
reduce errors.

Appropriate equipment

Use the equipment that is best suited to the type of data being collected to validate
the hypothesis. Determining the appropriate units and scale for the data will help
to select the correct equipment. Using the right unit and scale will ensure that
measurements are more accurate and precise, thereby minimising systematic errors.

Significant figures represent precision and reliability of a measurement. The
number of significant figures used depends on the scale of the instrument. It is
important to record data to the number of significant figures available from the
equipment or observation. Using more or fewer significant figures can be misleading.

Review the following examples to learn more about significant figures:
e 15 has two significant figures
* 3.5 has two significant figures
* 3.50 has three significant figures
* 0.037 has two significant figures
e 1401 has four significant figures.
"To calculate gravitational potential energy (E,), the formula is E, = mgAh.
If g=9.80ms™2, mass (m) = 7.50kg, height (h) = 0.64m (64 cm):

E,=9.80x7.50 x0.64 =47.09]

When reporting data, quote the result to the least number of significant figures
found in the measured values. In this example, height is accurate to two significant
figures while g and mass have three significant figures, so report the result to two
significant figures, for example E, = 47].

Although digital scales can measure to many more than two figures and
calculators can give 12 figures, be sensible and follow the significant figure rules.

Calibrated equipment

Some equipment, such as some motion sensors, needs to be calibrated before use to
account for the temperature at the time. Before carrying out the investigation, make
sure the instruments or measuring devices are properly calibrated and functioning
correctly. For example, measure the temperature and apply a correction to the
speed of sound to calibrate a motion sensor if necessary.

Correct use of equipment

Use the equipment properly. Ensure training has been completed and that you have
practised using the equipment before beginning the investigation. Improper use of
equipment can result in inaccurate data with large errors, and the validity of the data
can be compromised.

Incorrect reading of measurements is a common misuse of equipment. Make
sure all the equipment needed in the investigation can be used correctly and record
the instructions in detail so they can be checked if the data doesn’t appear correct.

RECORDING AND PRESENTING QUANTITATIVE DATA

Raw data is unlikely to be used directly to validate the hypothesis. However, raw
data is essential to the investigation and plans for collecting the raw data should be
made carefully. Consider the formulas or graphs that will be used to analyse the data
at the end of the investigation. This will help to determine the type of raw data that
needs to be collected in order to validate the hypothesis.

For example, to calculate take-off velocity for a vertical jump, three sets of raw
data will need to be collected using a force platform: the athlete’s standing body
weight, the ground reaction force and the time during the vertical jump. The data
can then be processed to obtain the take-off impulse.



Once you have determined the data that needs to be collected, prepare a table
to record the data.

ANALYSING AND PRESENTING DATA

The raw data that has been obtained needs to be presented in a way that is clear,
concise and accurate.

There are several ways to present data, including tables, graphs, flow charts and
diagrams. The best way of visualising the data depends on its nature. Try multiple
formats before making a final decision to create the best possible presentation.

Presenting raw and processed data in tables

Tables organise data into rows and columns, and can vary in complexity according
to the nature of the data. Tables can be used to organise raw and processed data or
to summarise results.

Data in the table should be ordered in columns. The first column should
contain the independent variable (the one being changed). Subsequent columns
should include the dependent variable results from all trials, with one column for
each trial. The final column should then show the average of all of the trials for
the dependent variable.

Tables should have the following features:
¢ adescriptive title that contains both the independent and depended variables
¢ column headings (including the unit and the uncertainty of measurement)

« aligned figures (align the decimal points)

e the independent variable placed in the left column

e the trials of the dependent variable placed in the right columns with the average
column on the end

¢ an overarching heading for all columns showing the dependent variable results

(including the average column).

You may sometimes need to process data to assist with producing a linear graph.
This processed data can be added as an additional column to the right of the average
column. An example of processed data would be if I? needed to be plotted on a graph
instead of I. Any processed data should have appropriate units and uncertainty in the
heading if the units and uncertainty remain the same, or alongside the data if they vary.

Look at the table in Figure 1.2.3, which has been used to organise raw and

processed data about the effect of current on voltage.

The current through a resistor at different potential differences «——— clear title

Current ‘I’ (+£0.01 A)

—— headings for each
Potential difference Trial 1 Trial 2 Trial 3 g

AV’ (+0.01 V) Average I (A% ~<— column With. urjits
and uncertainties
1.50 0.31 0.34 0.32 0.32%0.02 0.10%0.01 of measurement
2.00 0.42 0.45 0.41 0.43£0.02 0.18 £0.02
2.50 0.50 0.51 0.52 0.51£0.01 026+0.01 __ consistent number
of significant figures
3.00 0.62 0.65 0.58 0.620.04 0.38+0.05
3.50 0.70 0.71 0.72 0.70%0.01 0.49£0.01
independent variable dependent variable trials averages calculated processed data with processed
with consistent number with uncertainty of uncertainties, correct significant
of significant figures averages displayed figures and heading with

appropriate units

FIGURE 1.2.3 A simple table listing the raw data obtained in the second, third and fourth columns with the common uncertainty in the overarching
column heading, the average of each trial calculated in the fifth column with individual uncertainties, and the processed data, which is the average
values squared along with their processed individual uncertainties, in the sixth column.
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A table of processed data usually presents the average values of trials, the
mean. However, the mean on its own does not provide an accurate picture of
the results. To report processed data more accurately, the uncertainty should be
presented as well.

UNCERTAINTY

Measuring from an analogue scale

An analogue scale is a fixed scale from which measurements are taken. Examples
of an analogue scale include rulers or pressure gauges, such as the one shown in
Figure 1.2.4. When measuring with an analogue scale and the value falls between
increments, an estimate should be made to one decimal place beyond the nearest
increment. For example, if you measure the length of a block of wood using a ruler
marked in centimetres and it aligns precisely with the 10cm mark, the length is
10.0 cm. However, if the length is approximately halfway between the 10 and 11 cm
marks, it should be recorded as 10.5cm.

FIGURE 1.2.4 An analogue pressure scale.

Types of uncertainties

When presenting a range of measurements for a particular value, it is essential to
include both the mean and the associated uncertainty to accurately convey the
results. In other words, the mean must be accompanied by an indication of the
range of data obtained, reflecting variability in the measurements.

uncertainty = + (half the range of the values)

For example, if the velocity, in kmh™!, of cars travelling down a certain road was:

46.0, 50.0, 55.0, 48.0, 50.0, 58.0 and 45.0

the average velocity would be:

46.0 + 50.0 + 55.0 + 48.0 + 50.0 + 58.0 + 45.0
7

The uncertainty would therefore be half the maximum velocity minus the
minimum velocity. In this case, 58.0 is the maximum velocity and 45.0 is the minimum
velocity, meaning that the range is 13.0 and half the range is 6.50, so the uncertainty
is £ 6.50km h1.

This data should be presented as:

Average speed is 50.3 = 6.50kmh™.

This is called the uncertainty of averages as it is taken from the calculation
of the mean. Make sure that the final value is expressed to the appropriate number
of significant figures, and remember that the uncertainty should never exceed the
number of decimal places of the measured value itself.

=50.2857 =50.3kmh™!

There is also uncertainty associated with using measuring devices. This is called
the uncertainty of measurement. This type of uncertainty arises from the
precision of the measuring device’s scale. The uncertainty of measurement varies
depending on the type of measuring device you are using.
¢ Some devices will have a given uncertainty; for instance, a measuring cylinder

might have an uncertainty of = 0.1 mL printed on it.

e If the uncertainty is not provided, it will depend on whether the measuring
device is digital or analogue.

- Ifyou are measuring on a digital scale, the uncertainty is the smallest possible
increment. For instance, a set of scales that gives a result of 100.01 g will have
an uncertainty of measurement of + 0.01g.

- If the measuring device is analogue (i.e. those with a fixed scale), the
uncertainty of measurement is typically half of the smallest scale division. For
instance, if you use a ruler with a millimetre scale and measure the length of
an object as 25.0 mm, the uncertainty would be + 0.5 mm. It is important to
note that the uncertainty should have the same number of decimal places as
the measurement, but not necessarily the same number of significant figures.
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When stating a final value with its uncertainty, you may have two choices to make:

1 Ifthe uncertainty of the measuring device is different from the uncertainty of the
averages, you should use the larger of the two values for the average uncertainty.
This ensures your reported data reflects the limitations of the instrument, not
potentially overstating the precision of the average.

2 You should consider the nature of the investigation, the measuring devices used
and the method of data collection in relation to the calculated uncertainty of
the average. If it was difficult to take the measurements or you experienced
issues with the measuring devices, then you may choose to use a reasonable
percentage uncertainty to replace the uncertainty of the averages. For example,
if the percentage uncertainty of the averages is around + 1.5%, but you believe
this does not adequately represent the precision of your data collection, you
might opt for a higher percentage uncertainty, such as * 5.0%. If you make this
adjustment, make sure you include a note under your data table explaining your
rationale.

Calculating percentage uncertainties

Uncertainties that are displayed in the same units as the measurement are known
as absolute uncertainties. You can use these absolute uncertainties to calculate a
percentage uncertainty using the equation below.

uncertainty % 100%

percentage uncertainty =
measurement

Percentage uncertainties are helpful because they allow for the comparison and
combination of uncertainties across different units.

Combining uncertainties

It is common to process data in a physics investigation. This may include altering a
single set of data, like the column titled ‘/*’ in Figure 1.2.3; or perhaps you may use
two data sets to calculate a new value, for instance, combining a measured current
and potential difference to calculate the power. As these are values calculated using
measurements with their own uncertainties, it is crucial to combine the uncertainties
to get an overall uncertainty for the calculated value.

The method for combining uncertainties depends on the type of mathematical
operation used in the calculation: whether measurements are raised to a power,
multiplied or divided, or added or subtracted.

Measurements raised to a power

If a measurement is raised to a power, such as squared or cubed, the percentage
uncertainty associated with the measurement will be multiplied by that power. This
is shown in step three of Worked example 1.2.1.

Multiplying or dividing measurements

When multiplying or dividing measurements, the total uncertainty is found by
adding together the percentage uncertainties for each value. Since the measurements
may not have the same units, it is important to use the percentage uncertainties
rather than absolute uncertainties, which cannot be added directly. This is outlined
in Worked example 1.2.1.
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Worked example 1.2.1

COMBINING UNCERTAINTIES WHEN MULTIPLIED OR DIVIDED

A researcher wants to determine the density of a sample of an unknown
substance that is in the shape of a cube. The following measurements are taken.

¢ Length of each side of the cube: / =25.5 + 0.5 mm
¢ Mass of the cube: m=322+0.1g
Calculate the density with the appropriate absolute uncertainty.

Thinking

Convert all absolute uncertainties
to percentage uncertainties.

Calculate the density of the cube
with the data converted to the SI
units of kg and m3.

Working
%uncertainty = _uncertainty x100
measurement
. (0.5)
Puncertainty,,, .., = 255 x100
%uncertainty,, ., = £1.96078%
. (0.1)
uncertaint =—"2x100
% Ymass = (35 2) ™
%uncertainty ... =+0.31056%
_m
Py
m
s
_ (32.2x107%)
(25.5x107%)®
p =1.26275
p=126kgm™

As the volume is found by cubing
the length value, the percentage
uncertainty for the volume is three
times that of the length.

% uncertainty,oume = 3 X (£1.96078)
% uncertainty,oume = £5.88235%

Calculate the total percentage
uncertainty.

As the density is found by dividing
the mass by the volume, you must
add the percentage uncertainties
of the mass and volume.

total % uncertainty = (0.31056) + (5.88235)
total % uncertainty =+ 6.19291%

Convert the total percentage
uncertainty to the absolute
uncertainty of the answer.

absolute uncertainty =

+(1.26275) 01929
100

absolute uncertainty = + 0.078201 kgm-3

State the answer to the correct
number of significant figures with
the absolute uncertainty to the
correct decimal place and the
correct units.

Therefore, the density is 1.26 + 0.08 kgm3.




Worked example: Try yourself 1.2.1

A student wanted to investigate the electrical power drawn by a kettle. The kettle
had a measured resistance of 50.0 £ 0.1 Q and was drawing a measured current
of 421 + 0.01A.

Using the formula:

P =R
where
P = power (W)

I = current (A)
R = resistance (Q)

calculate the power drawn by the kettle and include the uncertainty with the
value.

Adding or subtracting measurements

When adding or subtracting measurements, make sure that all measurements are
in the same units. To find the total uncertainty of an addition or a subtraction, add
together the absolute uncertainties of the individual measurements.

Evaluating investigations using uncertainties

Uncertainties provide a useful way of evaluating the accuracy and precision of your
investigation’s results. They indicate the potential variability or how scattered your
values are in the measurement; a low total uncertainty suggests higher precision.
Additionally, you can use the uncertainty to calculate possible minimum and
maximum values, which could be useful for comparing your experimental results
to a known values. If the known value falls within the range of uncertainty of the
experimental results, this can be an indication of accuracy.

Other descriptive statistics measures

The mean and the uncertainty are statistical measures that help describe data
accurately. Other statistical measures that can be used, depending on the data
obtained, are:

« mode: the mode is the value that appears most often in a data set. This measure
is especially useful to describe qualitative or discrete data. For example, the
mode of the values 0.01, 0.01, 0.02, 0.02, 0.02, 0.03, 0.04 is 0.02.

¢ median: the median is the ‘middle’ value of an ordered list of values. For example,
the median of the values 5, 5, 8, 8, 9, 10, 20 is 8. The median is particularly
useful when the data range is wide or includes outliers (unusual results), which
can make the mean less reliable.

Graphs
In general, tables provide more detailed data than graphs, but it is easier to observe
trends and patterns in data in graphical form than in tabular form.

Graphs are used when two variables are being considered and one variable is
dependent on the other. The graph shows the relationship between the variables.

Several types of graphs can be used, including line graphs, bar graphs and pie
charts. The best one to use will depend on the nature of the data.
General rules to follow when making a graph (Figure 1.2.5) include the following:
¢ Keep the graph simple and uncluttered.
¢ Use a descriptive title that contains the independent and dependent variables.
¢ Represent the independent variable on the x-axis and the dependent variable on
the y-axis.
* Make axes proportionate to the data.
¢ Clearly label axes with both the variable and the unit in which it is measured.
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e Include error bars showing the uncertainty of each point. The error bar should
extend above and below the plotted point by the uncertainty in the dependent
variable and to the left and right of the plotted point by the uncertainty of the
independent variable.

o Ifthe y-axis intercept is important in your investigation, then the x-axis must not
be broken (e.g. interrupted or truncated).

e Do not force the line of best fit through the origin of the graph (0, 0). If the
line of best fit does not pass through the origin, it may indicate the presence of
systematic errors in your investigation.

Graph 1: ‘Graph of velocity of glider with time as
it travels down an inclined air track’

Y \ Always give a descriptive title

to the graph or diagram that

40 — includes the independent and
\ dependent variables.

Always mark where axis value is.

30 — +

Draw a line of best fit
using a ruler for straight
lines or a practised
sweep for curves.

Always write
values clearly.

20 —

Velocity (cm s™)

If you have an outlier, go
back to your workings
and check it again to see

10 —
/ if you can explain why.

Origin does not have to be (0, 0) and the line of
/ best fit does not need to go through the origin.

| | | | | 2t
/ 0.5 1.0 1.5 2.0 25 3.0 \
Time (s)
— If the y-axis intercept is
Different scales Give the quantity name in important, do not break
may be used. full with units in brackets. the x-axis.

FIGURE 1.2.5 A graph shows the relationship between two variables.

Line graphs

Line graphs are a good way of representing continuous quantitative data. In a line

graph, the values are plotted as a series of points with error bars on the graph. There

are two ways of joining these points:

* A line can be ruled from each point to the next (Figure 1.2.6a). It shows the
overall trend; it is not meant to predict the value of the points between the plotted
data. These graphs are rarely used in physics.
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The points can be joined with a single smooth straight or curved line (Figure 1.2.6b).
This creates a trend line, also known as a line of best fit or a curve of best fit. The
line of best fit does not have to pass through every point but should go through as
many error bars as possible. It is used when there is an obvious trend between the

variables. These graphs are most commonly used in physics.

Outliers

Sometimes when the data is collected, there may be one point that does not fit with
the trend and is clearly an error. This is called an outlier. An outlier is often caused
by a mistake made in measuring or recording data, or from a random error in the
measuring equipment. If there is an outlier, include it on the graph, but ignore
it when adding a line of best fit (as in Figure 1.2.5, where the point (1.50, 6) is
an outlier).

a

Height of river (m)

Height of river at bridge flood gauge

11 T T 1 T T T 1
] F M A M J J A S O

Months 2010

b Stopping distance for car
50
40—
30—

20

Stopping distance (m)

10—

0 | | | | | I | |
0 20 40 60 80

Speed of car (km h™')

FIGURE 1.2.6 (a) The data in the graph is joined from point to point. (b) The data in graph is joined
with a line of best fit, which shows the general trend.

1.2 Review

It is essential that during the investigation, the
following are recorded:
- all quantitative data collected
- the methods used to collect the data
- any incident, feature or unexpected event that
may have affected the quality or validity of
the data.
A systematic error is an error that is consistent
and will occur again if the investigation is repeated
in the same way. Systematic errors are usually
a result of instruments that are not calibrated
correctly or methods that are flawed.
Random errors occur in an unpredictable manner
and are generally small. A random error could be,
for example, the small fluctuations in the ambient
temperature affecting a heat transfer investigation.

The number of significant figures used depends
on the scale of the instrument used. It is important
to record data to the number of significant figures
available from the equipment or observation.

The simplest form of a table is a five-column format
in which the first column contains the independent
variable (the one being changed), the second to
fourth columns contain the trials of the dependent
variable (the one that may change in response to a
change in the independent variable) and the final
column contains the average of the trials.

When there is a range of measurements

of a particular value, the average must be
accompanied by the uncertainty of averages.
These uncertainties can be represented as
absolute values or as a percentage of the
measurement (percentage uncertainty).
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1.2

Review continued

* When processing data, you must combine
uncertainties:

If a measurement is raised to a power, the
percentage uncertainty must be multiplied

by the power value, i.e. if a measurement

is squared, the percentage uncertainty is
multiplied by two.

If measurements are multiplied or divided,

the percentage uncertainties must be added
together.

If measurements are added or subtracted, the
absolute uncertainties must be added together.

« General rules to follow when making a graph
include the following:

Keep the graph simple and uncluttered.
Use a descriptive title that contains the
independent and dependent variables.

Represent the independent variable on the

x-axis and the dependent variable on the y-axis.

KEY QUESTIONS

1 The masses of 1.00cm3 cubes of potato were

recorded and the cubes placed in distilled water. After

60 minutes, the cubes were weighed again and the

difference in mass was calculated. What type of error

is involved:

a
b

if the electronic scales were not tared properly?
if the electronic scales were affected briefly by a
power surge?

2 If using the quantities mass = 7.505 kg and
speed = 1.40ms! in a calculation, what would be

Make axes proportionate to the data.

Clearly label axes with both the variable and the
unit in which it is measured.

Include error bars showing the uncertainty of
each point. The error bar should extend above
and below the plotted point by the uncertainty
in the dependent variable and to the left and
right of the plotted point by the uncertainty of
the independent variable.

If the y-axis intercept is important in your
investigation, the x-axis must not be broken.

Do not force the line of best fit through the
origin of the graph (0, 0). If the line of best fit
does not pass through the origin, it can indicate
that there may be systematic errors in your
investigation.

Plot the following data set with error bars, assigning
each variable to the appropriate axis on the graph.

Potential difference = 5.00% (V) Current + 0.01 (A)

2.07 0.06
1.56 0.05
1.24 0.04
0.93 0.03
0.63 0.02

the appropriate number of significant figures
in the answer?

determine:

a the mean

b the mode

¢ the median

d the uncertainty of averages.

For the data set 21.0, 28.0, 19.0, 19.0, 25.0, 24.0,

How can the general pattern (trend) of the data set in
Question 4 be represented once the points are plotted?
Compare the error bars for the current in Question 4 to
the error bars for the potential difference.
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1.3 Discussing investigations and
drawing evidence-based conclusions

Now that the chosen topic has been thoroughly researched and the investigation
has been conducted and data collected, it is time to draw it all together. The final
part of the investigation involves summarising the findings in an objective, clear and
concise manner.

FIGURE 1.3.1 To discuss and conclude your investigation, use the raw and processed data.

EXPLAINING RESULTS IN THE DISCUSSION

The discussion is the part of the investigation where the evaluation and explanation
of the investigation methods and results takes place. It is the interpretation of what
the results mean.
The key sections of the discussion are:
¢ analysing and evaluating data
e evaluating the investigative method
¢ explaining the link between investigation findings and relevant physics concepts.
When writing the discussion, consider the message you want to convey to the
audience. Statements should be clear and concise. By the time the discussion
concludes, the audience must have a clear idea of the context, results and implications
of the investigation.

ANALYSING AND EVALUATING DATA

In the discussion, the findings of the investigation need to be analysed and interpreted.

e State whether a pattern, trend or relationship was observed between the
independent and dependent variables. Describe what kind of pattern it was and
specify the conditions under which it was observed.

¢ Were there discrepancies, deviations or anomalies in the data? If so, these should
be acknowledged and explained.

¢ Identify any limitations in the data you have collected. Consider whether a larger
sample size or further variations in the independent variable would lead to a
stronger conclusion.
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Trends in line graphs
Graphs are drawn to show the relationship, or trend, between two variables, as
shown in Figure 1.3.2.

e Variables that change in linear or direct proportion to each other produce a
straight sloping trend line.

e Variables that change exponentially in proportion to each other produce a
curved trend line.

« With an inverse relationship, one variable increases as the other variable decreases.

¢ When there is no relationship between two variables, one variable will not change
even if the other changes.

Y Yy
P pa
Positive directly proportional Negative directly proportional
(or positive linear) relationship (or negative linear) relationship
+ Variables change at the same + Variables change at the same
rate (graph line is straight, rate (graph line is straight,
slope is constant). slope is constant).
+ Positive relationship as x + Negative relationship as x
increases, y increases. increases, y decreases.
Yy Yy
X X
Exponential relationship Inversely proportional relationship
* As x increases, y increases + As xincreases, y decreases
slowly, then more rapidly. rapidly at first, then the rate of
decrease slows down, approaching
avalue for y.
y Yy
P P
Logarithmic relationship, then No relationship between x and y
levels off or plateaus (stops rising) « As xincreases, y remains the same.

» As xincreases, y increases
rapidly at first, then slows,
then does notincrease at all
as y reaches a maximum value.

FIGURE 1.3.2 Various relationships can exist between two variables.

Remember that the results may be unexpected. This does not make the
investigation a failure. However, the findings must be related to the hypothesis, aims
and method.



EVALUATING THE METHOD

It is important to discuss the limitations of the investigation method. Evaluate the
method and identify any issues that could have affected the validity, accuracy,
precision or reliability of the data. Sources of errors and uncertainty must also be
evaluated in the discussion.

Once any limitations or problems in the methodology have been identified,
recommend improvements on how the investigation could be conducted if repeated;
for example, suggest how bias could be minimised or eliminated.

Bias

Bias may occur in any part of the investigation method, including sampling and

measurements.

Bias is a form of systematic error resulting from the researcher’s personal
preferences or motivations. There are many types of bias, including:

e poor definitions of both concepts and variables (e.g. classifying cricket pitch
surfaces as slow or fast without defining ‘slow’ and ‘fast’)

* incorrectassumptions (e.g.assuming that footwear type, model and manufacturer
do not affect ground reaction forces, and as a result failing to control this variable
during an investigation on slip risk on different indoor and outdoor surfaces)

e errors in the investigation design and methodology (e.g. taking a sample of a
particular group of athletes that includes one gender more than the other in the
group).

Some biases cannot be eliminated, but should still be addressed in the discussion.

Accuracy and precision

In the discussion, evaluate the degree of accuracy and precision of the measurements
for each variable of the hypothesis. Address the uncertainties associated with these
measurements and discuss their impact on the results.

When applicable compare the chosen method to alternative methods that could
have been used, evaluating the advantages and disadvantages of the selected method
and the effect on the results.

If your investigation involves comparing your results to a known accepted value,
you should calculate a percentage difference. The percentage difference can be
calculated by using the following formula:

accepted value — experimental value

percentage difference = accepted value x 100

A smaller percentage difference indicates a more accurate result. For example,
a percentage difference of less than 5% suggests that the difference between the
accepted value and your experimental value is not significant.

Reliability
When discussing the results, indicate the range of the data obtained from replicates.
Explain how the sample size was selected. Larger samples are usually more reliable,
but time and resources might have been scarce. Discuss whether the results of the
investigation have been limited by the sample size.

The control group is important to the reliability of the investigation. A control
group helps identify whether an uncontrolled variable has been overlooked and may
explain any unexpected results.

Error

Discuss any source of systematic or random error and suggest ways of improving
the investigation.

FIGURE 1.3.3 Honest evaluation and reflection
play important roles in analysing methodology.
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DISCUSSING RELEVANT PHYSICS CONCEPTS

To make the investigation more meaningful, it should be explained within the right
context; i.e. using related physics ideas, concepts, theories and models. Within this
context, explain the basis for the hypothesis.

For example, if studying the impact of temperature on linear strain of a material
(e.g. arubber band), some of the contextual information to include in the discussion
could be:

* the definition of linear strain

* the functions of linear strain

* the relationship between linear strain and temperature

» definitions of material behaviour (such as plastic and elastic)

» factors known to affect linear strain

» existing knowledge on the role of temperature on linear strain

* ranges of temperatures investigated and the reason they were chosen
* materials studied and the reasons for this choice

¢ methods of measuring the linear strain of a material.

Relating your findings to a physics concept

Once a context is established, you can use this as a framework to discuss whether

the data supported or refuted the hypothesis. Ask questions such as:

e Was the hypothesis supported?

¢ Has the hypothesis been fully addressed? (If not, give an explanation of why
this is so and suggest what could be done to either improve or complement the
investigation.)

e Do the results contradict the hypothesis? If so, why? (The explanation must be
plausible and must be based on the results and previous evidence.)
Providing a theoretical context also enables comparison of the results with

existing relevant research and knowledge. After identifying the major findings of

the investigation, ask questions such as:

* How does the data fit with the literature?

¢ Does the data contradict the literature?

* Do the findings fill a gap in the literature?

* Do the findings lead to further questions?

e Can the findings be extended to another situation?

Be sure to discuss the broader implications of the findings. Implications are
the bigger picture. Outlining them for the audience is an important part of the
investigation. Ask questions such as:

* Do the findings contribute to or impact the existing literature and knowledge of
the topic?
e Are there any practical applications for the findings?

DRAWING EVIDENCE-BASED CONCLUSIONS

A conclusion is usually a paragraph that links the collected evidence to the hypothesis
and provides a justified response to the research question.

Indicate whether the hypothesis was supported or refuted, citing the evidence
that led to this conclusion. Do not provide irrelevant information. Only refer to the
specifics of the hypothesis and the research question, and do not make generalisations.

Read the examples given for the following hypothesis and research question.
Hypothesis: An increase in temperature will cause an increase in linear deformation
(change in length) before failure.

* Poor response to the hypothesis: Linear deformation has value y; at temperature

1 and value y, at temperature 2.

e Better response to the hypothesis: An increase in temperature from 1 to 2
produces an increase in linear deformation of z in the rubber band.



Research question: Does temperature affect the maximum linear deformation the
material can withstand?

e Poor response to the research question: The results show that temperature does
affect the maximum deformation of a material.

¢ Better response to the research question: Analysis of the results indicates that
increasing the temperature from 1 to 2 in the rubber band correlates with an
increase in the maximum linear deformation, which is consistent with existing
knowledge on how temperature influences material deformation.

REFERENCES AND ACKNOWLEDGEMENTS

All the quotations, documents, publications and ideas used in the investigation
need to be acknowledged in the ‘references and acknowledgements’ section to
avoid plagiarism and to ensure authors are credited for their work. References and
acknowledgements also give credibility to the study and allow the audience to locate
information sources should they wish to study the topic further.

When referencing a book, include, in this order:
e author’s surname and initials
e date of publication
e title
¢ publisher’s name
¢ place of publication.
For example: Moran G. et al. (2024), Pearson Physics 11, Pearson Education,
Melbourne, Victoria.
When referencing a website, include, in this order:
e author’s surname and initials, or name of organisation, or title
e year website was written or last revised
o title of webpage
e date website was accessed
e website address.

For example: Wheeling Jesuit University/Center for Educational Technologies
(2013), NASA Physics Online Course: Forces and Motion, accessed 16 June 2015,
from http://nasaphysics.cet.edu/forces-and-motion.html.

1.3 Review

» The discussion is the part of the investigation - ldentify any limitations in the data collected.
where the evaluation and explanation of the Perhaps a larger sample or further variations
investigation methods and results takes place. It is in the independent variable would lead to a
the interpretation of what the results mean. stronger conclusion.

+ In the discussion, the findings of the investigation + Itis important to discuss the limitations of the
- State whether a pattern, trend or relationship identify any issues that could have affected the

was observed between the independent and validity, accuracy, precision or reliability of the
dependent variables. Describe what kind data. Sources of errors and uncertainty must also
of pattern it was and specify under what be stated in the discussion, and suggestions could
conditions it was observed. be given as to how to reduce these errors.

: need to be analysed and interpreted. investigation method. Evaluate the method and :
' - Were there discrepancies, deviations or X
. anomalies in the data? If so, these should be '
: acknowledged and explained. :
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1.3 Review continued

: * When discussing the results, indicate the range
: of the data obtained from replicates. Explain how
: the sample size was selected. Larger samples are
' usually more reliable, but time and resources are
E likely to have been scarce. Discuss whether the

' results of the investigation have been limited by
! the sample size.

. » To make the investigation more meaningful, it

, should be explained within the right context,

. including the related physics ideas, concepts,

: theories and models. Within this context, explain
E the basis for the hypothesis.

KEY QUESTIONS

1 What relationship between the variables is indicated
by a sloping linear graph?

2 What relationship exists if one variable decreases as
the other increases?

3 What relationship exists if both variables increase or
both decrease at the same rate?

4 What might cause a sample size to be limited in an
investigation?

26 SCIENCE INQUIRY SKILLS

Indicate whether the hypothesis was supported
or refuted and the evidence that led to this
conclusion. Do not provide irrelevant information
or make generalisations.

Consider this investigation hypothesis: An increase in
the potential difference across a single resistor in an
electric circuit will cause an increase in the current
through the resistor.

Improve this hypothesis given the data below:

When the current was 0.03 A, the voltage was 0.93V and
when the current was 0.04 A, the voltage was 1.86V.



Chapter review

KEY TERMS

absolute uncertainty mode

accuracy outlier

controlled variable personal protective
dependent variable equipment (PPE)
independent variable precision

mean qualitative variable
median quantitative variable

1 What is a hypothesis and what form does it take?

2 Consider the hypothesis provided below. What are the
dependent, independent and controlled variables?
Hypothesis: Releasing an arrow in archery at an angle
greater or smaller than 45° will result in a shorter flight
displacement (range).

3 What is the dependent variable in each of the following
hypotheses?

a If you push an object with a fixed mass (e.g. shot-
put) with a larger force, then the acceleration of that
object will be greater.

b As the vertical displacement of a falling object
increases, the vertical acceleration of the falling
object is constant.

¢ A springboard diver rotates faster when in a tucked
position than when in a stretched (layout) position.

4 List the following types of hazard controls from the
most effective to the least effective.
substitution, personal protective equipment,
engineering controls, administrative controls,
elimination, isolation

random error

raw data

reliability

significant figures uncertainty of
systematic error measurement
uncertainty validity
uncertainty of averages variable

5 The speed of a toy car rolling down an inclined plane
was measured six times. The measurements obtained
(in cms™) were 7.0, 6.5, 6.8, 7.2, 6.5, 6.5.

What is the uncertainty of the average of these values?

6 Which of the statistical measurements of mean, mode
and median is most affected by an outlier?

7 What relationship between variables is indicated by a
curved trend line?

8 If you hypothesise that impact force is positive directly
proportional to drop height, what would you expect a
graph of the data to look like?

9 What is meant by the ‘limitations’ of the investigation
method?

10 What is ‘bias’ in an investigation?
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Motion, forces and
energy

UNIT

An understanding of motion, forces, and mechanical and thermal energy is essential
to appreciating how we do work, and what drives our global energy needs. In this
unit, students explore the ways physics is used to describe, explain and predict how
forces cause changes in motion. Students investigate how to model accelerated
motion using equations, consider how Newton’s laws explain the effect of forces on
objects, and understand why objects fall at the same rate. Students also reflect on
how energy transfers and transformations are pivotal to modern industrial societies.
They explore how energy is conserved and how thermal energy affects the state and
temperature of matter.

Contexts that students may investigate include technologies, such as
accelerometers, motion sensors and air conditioners, as well as related areas of
science and engineering, such as sports science, automobile engineering and road
safety.

By the end of this unit, students will:

develop an understanding of motion, forces, and mechanical and thermal energy
describe linear motion in terms of position and time data

examine the relationships between force, momentum and energy for interactions
in one dimension

explore how international collaboration, evidence from a range of disciplines and
individuals, and the development of ICT and other technologies have contributed
to developing understanding of motion, forces, mechanical and thermal energy,
and associated technologies

investigate how scientific knowledge is used to offer valid explanations and reliable

predictions, and the ways in which it interacts with social, economic, cultural and
ethical factors

develop their understanding of motion, forces, and mechanical and thermal
energy phenomena through laboratory experiences

develop skills in relating graphical representations of data to quantitative
relationships between variables

continue to develop skills in planning, conducting, analysing and interpreting the
results of primary and secondary investigations.

School Curriculum and Standards Authority. (2023). Physics ATAR course Year 11 Syllabus for teaching from 2025.







CHAPTER

2 Scalars and vectors

Scalars and vectors are mathematical representations of quantities that are used in
physics. An understanding of scalars and vectors is essential to learning concepts
involving forces and motion.

By the end of this chapter, you will be able to distinguish between scalar and vector
quantities. You will be able to use arrows to represent vectors and then add and
subtract vectors in one and two dimensions. You will also be able to resolve vectors
into their perpendicular components.

Science Understanding

Motion and forces

« distinguish between vector and scalar quantities

+ addition and subtraction of vectors in one and two dimensions

« resolution of vectors into components and manipulation (addition and
subtraction) of components

School Curriculum and Standards Authority. (2023). Physics ATAR course Year 11 Syllabus for teaching from 2025.




ﬁ A vector is a physical quantity
that requires magnitude, direction
and units to make logical sense.

tail head
10.0 m east
head tail
5.00 m west

-—

FIGURE 2.1.1 Two vector diagrams. As the top
vector is twice as long as the bottom vector, it
represents a measure twice the magnitude of
the bottom vector. The arrowheads indicate that
the vectors are in opposite directions.

2.1 Scalars and vectors

You come into contact with many physical quantities in the natural world every day.
Time, mass and distance are all physical quantities. Each of these physical quantities
has units to measure them; for example, seconds, kilograms and metres.

Some measurements only make sense if there is also a direction included. For
example, a GPS system tells you when to turn and in which direction. Without both
of these two instructions, the information is incomplete.

All physical quantities can be divided into two broad groups based on what
information you need for the quantity to make logical sense. These groups are
called scalars and vectors. Both of these types of measures will be investigated
throughout this section.

SCALARS

There are a number of properties in nature that can be measured or determined,
and described using only a number and a unit. For example, if the time taken for
a student to travel to school is measured, you need the magnitude (size) and the
units in order to understand the journey. It may take 90 minutes or one and a half
hours, the number is important and the units are also important.

Quantities that require magnitude and units are called scalar quantities. Scalars
do not need a direction to make logical sense.

Examples of scalar quantities are:

e time

e distance
e volume
e speed

¢ temperature.

VECTORS

Some physical quantities require magnitude, direction and units to make sense of
them. For example, to describe a force applied on an object, you would need to
state the magnitude, the direction of the force and the units to fully convey the
information to a classmate. Such quantities are known as vectors.

Examples of vectors include:
e position
* displacement
e velocity
* acceleration
o force
* momentum.
These measures are discussed in more detail in the coming chapters.

VECTORS AS ARROWS

A vector is a measurement that has a magnitude, a direction and a unit. A vector can
be visually represented as an arrow.

Figure 2.1.1 shows two vector diagrams. In a vector diagram, the length of the
arrow indicates the magnitude of the vector. The arrowhead shows the direction of
the vector. The direction of the vector is always from its tail to its head.

A force is a push or a pull and the unit of measurement for force is the newton
(N). If you push a book to the right, it will respond differently to if you push the book
to the left. Therefore, a force is only described properly if a direction is included,
and so force is considered to be a vector. Forces are described in more detail in
Chapter 4. Force is an important concept to understand in physics, so many of the
examples in this chapter refer to forces.
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In most vector diagrams, the length of the arrow is drawn to scale so that it
accurately represents the magnitude of the vector.

In the scaled vector diagram in Figure 2.1.2, a force FF=4.00N to the left acting
on the toy car is drawn as a 2.00 cm long arrow pointing to the left. In this example,
a scale of 1 cm = 2N force is used.

An exact scale for the magnitude is not always used. However, it is important
that vectors are drawn relative to one another. For example, a vector of 50.0 m north
should always be about half as long as a vector of 100.0m north.

Point of application of vectors
Vector diagrams may be presented slightly differently depending on what they are
depicting. If the vector represents a force, the tail end of the arrow is drawn at the
point where the force is applied to the object. If it is a displacement vector, attach
the tail of the arrow to the position where the object starts. Friction vectors are
drawn at the point where they act between an object and a surface.

Figure 2.1.3 shows a force applied by a foot to a ball (95.0N east) and an
opposing friction force (20.0 N west).

DIRECTION CONVENTIONS

Vectors need a direction in order to make logical sense. However, for the description
of a vector quantity to be useful, there needs to be a way of describing the direction
so that everyone understands and agrees upon it.

Vectors in one dimension
For vector problems in one dimension, there are a number of direction
conventions that can be used. For example:
e forwards or backwards
e up or down
e left or right.
You can also use more formal conventions such as:
e north or south
e cast or west.

As you can see, for vectors in one dimension there are only two directions
possible. The two directions must be in the same dimension or along the same
line. The direction convention used should be presented graphically in all vector
problems. This is shown in Figure 2.1.4. Arrows like these are placed near the vector
diagram so that it is clear which convention is being used.

up N

backwards <——— forwards

left «—— right
down S

FIGURE 2.1.4 Some common one-dimensional direction conventions.

Sign convention

In calculations involving one-dimensional vectors, a sign convention can also
be used to convert physical directions to the mathematical signs of positive and
negative. For example, forwards can be positive and backwards can be negative, or
right can be positive and left can be negative. A vector of 100m up can be described
as +100m, provided the relationship between sign and direction conventions are
clearly indicated in a legend or key. Some examples are provided in Figure 2.1.5.
The advantage of using a sign convention is that the signs of positive and negative
can be entered into a calculator, while the words ‘up’ and ‘right’ cannot. This is
useful when adding vectors together. This will be discussed in the next section.

4.00N

FIGURE 2.1.2 A force of 4.00 N to the left acts

on a toy car.

95.0 I\

20.0N

FIGURE 2.1.3 The force on the ball acts at the
point of contact between the ball and the foot.

The friction force acts between the ball and
the ground. The kicking force, as indicated
by the length of the arrow, is larger than the
friction force.

up +

down —

backwards -+——— forwards
- +

left «— right
- +

N +

S—

W=-—> E
- +
FIGURE 2.1.5 One-dimensional direction

conventions can also be expressed as
sign conventions.

CHAPTER 2 | SCALARS AND VECTORS

33




34

Worked example 2.1.1

DESCRIBING VECTORS IN ONE DIMENSION

left «—right
- +

70.0 m

Describe the vector above using:

a the direction convention shown

Thinking

Working

Identify the direction convention being
used in the vector.

In this case, the vector is pointing to
the right according to the direction
convention.

Note the magnitude, unit and direction
of the vector.

In this example, the vector is 70.0m
right.

b an appropriate sign convention.

Thinking

Working

Convert the physical direction to the
corresponding mathematical sign.

The physical direction of right is
positive and left is negative. In this
example, the arrow is pointing right, so
the mathematical sign is +.

Represent the vector with a
mathematical sign, magnitude and
unit.

This vector is +70.0m.

Worked example: Try yourself 2.1.1

DESCRIBING VECTORS IN ONE DIMENSION

west -— east
- +

500N

Describe the vector above using:

a the direction convention shown

b an appropriate sign convention.

Vectors in two dimensions

When vectors are in one dimension, it is relatively simple to understand direction.
However, some vectors will require a description in a two-dimensional plane. These

planes could be:

* horizontal, which can be defined using north, south, east and west

* vertical,which can be defined in a number of ways including forwards, backwards,

up, down, left and right.

The description of the direction of these vectors is more complicated. Therefore,
a more detailed convention is needed for identifying the direction of a vector. There
are a variety of conventions, but they all describe a direction as an angle from a

known reference point.
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Horizontal plane

For a horizontal, two-dimensional plane, the two common methods for describing

the direction of a vector are:

» full circle (or true) bearing. A “full circle bearing’ describes north as zero degrees
true. This is written as 0°T. In this convention, all directions are given as a
clockwise angle from north. As an example, 95.0°T is 95.0° clockwise from north.

e quadrant bearing. An alternative method is to provide a ‘quadrant bearing’,
where all angles are referenced from either north or south and are between 0°
and 90.0° towards east or west. In this method, 30.0° T becomes N 30.0°E,
which can be read as ‘from north 30.0° towards the east’.

Using these two conventions, north-west (N'W) would be 315.0° T using a full
circle bearing, or N 45.0°W using a quadrant bearing. Figure 2.1.6 demonstrates
these two methods.

Vertical plane

For a vertical, two-dimensional plane the directions are referenced to vertical
(upwards and downwards) or horizontal (left and right) and are between 0° and
90.0° up or down. For example, a vector direction can be described as ‘60.0° up
from horizontal to the left’. The same vector direction could be described as ‘30.0°
down from the vertical to the left’. The opposite direction to this vector would be
‘60.0° down from horizontal to the right’. This example is illustrated in Figure 2.1.7.
30.0° anticlockwise from the upwards direction

or

60.0° clockwise from the left direction

up
30.0°

60.0°

left right

down

60.0° clockwise from the right direction
or

30.0° anticlockwise from the downwards direction

FIGURE 2.1.7 Two vectors in the vertical plane.

north
north-west or north-east or
315.0°T or 45.0°T or
N 45.0°W N45.0°E
45.0°145.0°

west KJ east
315.0°

south

FIGURE 2.1.6 Two horizontal vector directions,

viewed from above, using full circle bearings
and quadrant bearings.
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Worked example 2.1.2
DESCRIBING TWO-DIMENSIONAL VECTORS

PHYSICSFILE

Orienteering

Orienteering is an adventure sport
requiring participants to use a compass
and map (Figure 2.1.8) to navigate from
point to point. Finding your way from
place to place involves determining
angles measured from any of the
cardinal points: north, south, east or
west. The vectors between points are
shown on the map but contestants
need to determine the best way to

get there, since the direct line might
not be the fastest route. This sport is

Describe the direction of the following vector using an appropriate method.

o0 —"

left

right

down

often timed and competitive and takes
place in an unfamiliar, and sometimes

Thinking

Working

challenging, environment. These
courses can be followed individually or
in teams. Not all orienteering courses
have to be completed on foot, as
some courses might be designed for

Choose the appropriate points to
reference the direction of the vector.

In this case using the vertical reference
makes more sense, as the angle is
given from the vertical.

The vector can be referenced to the
vertical.

mountain bikers or cross-country skiers
depending on the environment. There
are some permanent orienteering

Determine the angle between the
reference direction and the vector.

In this example, from vertical to the
vector there is 70.0°.

courses in popular spaces in WA such
as Whiteman's Park and King’s Park,

Determine the direction of the vector
from the reference direction.

From vertical, the vector is down to the
right.

which are free of charge and suitable
for any age group. In addition, there are
seriously competitive groups that meet

Describe the vector using the sequence:
angle, up or down from the reference
direction.

This vector is 70.0° down from vertical
to the right.

on a regular basis.

Worked example: Try yourself 2.1.2
DESCRIBING TWO-DIMENSIONAL VECTORS

J -i 1 -\\»/ ':/f %:\(: v "\. RN
FIGURE 2.1.8 A compass and map used
in orienteering. The numbered points

represent the order in which the course
should be followed.

Describe the direction of the following vector using an appropriate method.

left

right
50.0° 8

down
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2.

1 Review

Scalar quantities require a magnitude and a unit
to make logical sense. No direction is required for
scalar quantities.

Distance, time, speed and mass are examples of
scalar quantities.

Vectors require magnitude, units and direction to
make logical sense.

Displacement, velocity, acceleration and force are
examples of vectors.

Arrows are used to represent vectors.

The length of the arrow represents the magnitude
of the vector.

The direction the arrow is pointing indicates the
direction of the vector.

Vector arrows can be drawn to scale, or drawn
with lengths that are relative to each other.

KEY QUESTIONS

What information is required to fully describe a scalar
measure?

What information is required to fully describe a vector
measure?

Classify each of the following as scalar or vector
quantities.

time

force

acceleration

distance

position

displacement

volume

momentum

speed

velocity

temperature

X = = DT (0@ 0 Q0 T

For the following, decide which of the vector
magnitudes provided describes which vector diagram.
Note: one of the vector magnitudes is not required.
5.40N; 2.70N; 9.00N; 8.10N

a

Force vectors are drawn with their tails attached to
the point of application of the force on the object.
Displacement vectors are drawn from the start of
the journey to the end of the journey.
One-dimensional vectors use direction
conventions and sign conventions to describe the
direction of the vector. Examples include left and
right, up and down, + and —.

The direction of two-dimensional vectors in the
horizontal plane can be described using a full
circle bearing or a quadrant bearing. Vectors

in the vertical plane can be described using
angles measured up or down from the vertical or
horizontal, to the right or to the left.

For the following, decide which of the vector

magnitudes provided describes which vector diagram.

Note: one of the vector magnitudes is not required.
10.80N; -2.70N; -5.40N; 16.20N
a

C

Give the opposing direction to each of the following
one-dimensional descriptions.

up

north

backwards

down

west

negative

Why is it sometimes appropriate to rename direction
conventions with a positive or negative sign—for
example, + instead of north or — instead of left?
Describe the following vector using an appropriate
convention.

-~ 0 QO O T 9

_<_>+
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2.1 Review continued

9 Describe the following vectors using: 10 Describe the following vector using appropriate
i full circle bearings conventions.
ii quadrant bearings. up
a north
left 400 right
west east
45.0°
down
south
b north
west east
60.0°
south
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2.2 Adding vectors in one and two
dimensions

In real situations, more than one vector may act on an object. If this is the case, it
is helpful to analyse the associated vector diagrams to find out the overall sum or
combined effect of the vectors, known as the resultant vector.

When vectors are combined, it is called adding vectors. Adding vectors that are
in one dimension means finding the one resultant vector that is the equivalent of any
number of vectors in the same line. It is also possible to find the resultant of a number
of vectors that are in two dimensions. The individual vectors can be in any direction, as
long as they are all in the same plane.

Vectors can also be added in three dimensions, but this is beyond the realm of
this course.

ADDING VECTORS IN ONE DIMENSION

When two or more vectors are in the same dimension, it means that the vectors are
either pointing in the same direction or in the opposite direction to each other. They
are collinear (in line with each other). For example, the displacements 10.0 m west,
15.0m east and 25.0m west are all in one dimension. They are all in the same or
opposite direction to each other.

Graphical method of adding vectors

Vector diagrams, like those shown in Figure 2.2.1, are convenient for adding vectors.
To combine vectors in one dimension, draw the first vector, then start the second
vector with its tail at the head of the first vector. Continue adding arrows ‘head to
tail’ until the last vector is drawn. The sum of the vectors, or the resultant vector, is
drawn from the tail of the first vector to the head of the last vector.

s, =15.0 m east s,= 5.0 m east 5, = 15.0m east
1 . 4 27 — =
5, =20.0 m east

FIGURE 2.2.1 Adding vectors head to tail. This particular diagram represents the addition of 15.0m
east and 5.0 m east. The resultant vector, shown in red, is 20.0 m east.

In Figure 2.2.1, the two vectors s; (15.0m east) and s, (5.0m east) are drawn
separately. The two vectors are then drawn with s; and s, connected head to tail. The
resultant vector sg is drawn from the tail of s; to the head of s,. The magnitude (size)
of the resultant vector can be deduced from the magnitudes of the separate vectors:
15.0m + 5.0m = 20.0m.

Alternatively, vectors can be drawn to scale, for example: 1m = 1cm. The
resultant vector is then directly measured from the scale diagram. The direction of
the resultant vector is the same as the direction from the tail of the first vector to the
head of the last vector.

Algebraic method of adding vectors

To add vectors in one dimension algebraically, a sign convention is used to represent
the direction of the vectors (see Figure 2.2.2). When applying a sign convention, it
is important to provide a key explaining the convention used.

The sign convention allows you to enter the signs and magnitudes of vectors
into a calculator. The sign of the final magnitude gives the direction of the resultant
vector.

s,=5.0 m east

0 Vectors are added head to tail.

The resultant vector is drawn from
the tail of the first vector to the
head of the last vector.

up +

down —

backwards «<——— forwards
- +

left «— right
- +

N +

S

W=-—>E

- +

FIGURE 2.2.2 Common sign and direction
conventions.

CHAPTER 2 | SCALARS AND VECTORS 39



40

Worked example 2.2.1
ADDING VECTORS IN ONE DIMENSION USING ALGEBRA

Use the sign and direction conventions shown in Figure 2.2.2 on page 39 to
determine the resultant vector of a student who walks 25.0m west, 16.0 m east,
44.0m west and then 12.0m east.

Thinking Working

Apply the sign conventions to 25.0m west =-25.0m

change each of the directions | 15.0m east = +16.0m

to signs. 440m west =-44.0m

12.0m east=+12.0m

Add the magnitudes and their | Resultant vector = (-25.0) + (+16.0) + (-44.0) +
signs together. (+12.0)

=-41.0m

Refer to the sign and direction Negative is west.
conventions to determine the ~. Resultant vector = 41.0m west
direction of the resultant vector.

Worked example: Try yourself 2.2.1
ADDING VECTORS IN ONE DIMENSION USING ALGEBRA

Use the sign and direction conventions shown in Figure 2.2.2 on page 39 to
determine the resultant force on a box that has the following forces acting on it:
16.0N up, 22.0N down, 4.0N up and 17.0N down.

ADDING VECTORS IN TWO DIMENSIONS

Adding vectors in two dimensions means that all of the vectors must be in the same
plane (coplanar). The individual vectors can go in any direction within the plane, and
can be separated by any angle. The examples in this section illustrate vectors in the
horizontal plane, but the same strategies apply to adding vectors in the vertical plane.

The horizontal plane is the one that is looked down on from above. Examples
include looking at a house plan or map placed on a desk. The direction convention
that suits this plane best is the north, south, east and west convention, or the forwards,
backwards, left and right convention. This is shown in Figure 2.2.3.

north forwards

west east left right

south backwards
FIGURE 2.2.3 The direction conventions for the horizontal plane.

When two vectors are in the horizontal plane, the angles between them can be
right-angled, acute or obtuse.

Graphical method of adding vectors

The magnitude and direction of a resultant vector can be determined by measuring
an accurately drawn scaled vector diagram. There are two main ways to do this:

* head to tail method

e parallelogram method.
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Head to tail method

To add vectors at right angles to each other using a graphical method, use an
appropriate scale and then draw each vector head to tail. The resultant vector is
the vector that starts at the tail of the first vector and ends at the head of the last
vector. To determine the magnitude and direction of the resultant vector, measure
the length of the resultant vector and compare it to the scale, then measure and
describe the direction appropriately.

In Figure 2.2.4, two vectors, 30.0m east and 20.0m south, are added head to
tail. The resultant vector, shown in red, is estimated to be about 36 m according to
the scale provided. Using a protractor, the resultant vector is measured to be in the
direction 34.0° south of east. This represents a direction of S56.0°E when using
quadrant bearings from south.

30.0 m east
N [ : : |
W “I—> E
S
-20.0 m south
R=36.0mS 56.0°E
10.0 m

11l

-
=

iy S
/S )

/
/ N =
Sl F
(S
NS
4
S »
P
N [ P
Sy T
(Q// 07— _—— oL
b Uy, i Jad
- o
U'/——//—Ui/u,uhfmuhm\,\\r\\\—\'\) E34.0°S

FIGURE 2.2.4 Adding two vectors at right angles, using the graphical method.

If the two vectors are at angles other than 90.0° to each other, the graphical
method is ideal for finding the resultant vector. In Figure 2.2.5, the force vectors
15.0N east and 10.0N S45°E are added head to tail. The magnitude of the
resultant vector is estimated to be about 23 N. The direction of the resultant vector
is measured by a protractor from east to be 18.0° towards the south, which should
be written as E 18.0°S or S72.0°E.

N : =15.0N easit :
W‘I—’ E
10.0N S45.0°E
S
I R=230N S72.0°E
5.00N

N — |
Oy~ % g o0t
Ory 06 -

— _—_—oL
/) 001 08 AN
J[/[Zﬂ//izzz/uummuhm\,\\,\x,\mﬁ\\xx E18.0°S

FIGURE 2.2.5 Adding two vectors not at right angles, using the graphical method.
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PHYSICSFILE

Pythagoras’ theorem and
trigonometric ratios

The Year 11 ATAR Physics syllabus
assumes students will be able to:

e use Pythagoras' theorem, similarity
of triangles and the angle sum of
a triangle

e solve simple sine, cosine and
tangent relationships in a right-angle
triangle.

Pythagoras’ theorem is a2 + b2 = ¢?

where c is the hypotenuse (the longest

side) and a and b are the two shorter
sides of a right-angled triangle. The
hypotenuse is easily recognised as it is
directly across from (opposite) the right
angle of the triangle.

Most students learn the mnemonic
SOHCAHTOA in their maths classes.
It is often pronounced soh-cah-toa
and provides a way to remember the
trigonometric ratios:

Sind = opposite
hypotenuse

080 — adjacent
hypotenuse

tang = opF)05|te
adjacent

Parallelogram method

An alternative method for determining a resultant vector is to construct a
parallelogram of vectors. In this method, the two vectors to be added are drawn tail
to tail. Next, a parallel line is drawn for each vector as shown in Figure 2.2.6. In
this figure, the parallel lines have been drawn as dotted lines. The resultant vector is
drawn from the tails of the two vectors to the intersection of the dotted parallel lines.

FIGURE 2.2.6 Parallelogram of vectors method for adding two vectors.

Geometric method of adding vectors

Graphical methods of adding vectors in two dimensions only give approximate results
as they rely on comparing the magnitude of the resultant vector to a scale and measuring
the direction with a protractor. A more accurate method to resolve vectors is to use
Pythagoras’ theorem and trigonometry. These techniques are referred to as geometric
methods. Geometric methods can be used to calculate the magnitude of the resultant
vector and its direction. However, Pythagoras’ theorem and trigonometry can only be
used for finding the resultant vector of two vectors that are at right angles to each other.

In Figure 2.2.7, two vectors, 30.0 m east and 20.0 m south, are added head to tail.
The resultant vector, shown in red, is calculated using Pythagoras’ theorem to be
36.1 m. The resultant vector is calculated to be in the direction S 56.3° E. This result
is more accurate than the answer determined earlier in this section.

30.0 m east

20.0 m south

20.0
R?*=30.0* + 20.0% tan 0 = 300
=900 + 400 6 =tan"' 0.6667
R =~1300 =33.7°
=36.1m E 33.7°S (or S 56.3° E)

FIGURE 2.2.7 Adding two vectors at right angles, using the geometric method.

Worked example 2.2.2
ADDING VECTORS IN TWO DIMENSIONS USING GEOMETRY

Determine the resultant vector that represents a child running 25.0 m west
and then 16.0m north. Refer to Figure 2.2.2 on page 39 for sign and direction
conventions if required.

Thinking

Working

N
W<-1->E
S

Construct a vector diagram
showing the vectors drawn
head to tail. Draw the

R
resultant vector from the tail of 16.0 m north
the first vector to the head of
the last vector. 0
25.0 m west
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As the two vectors to be added | R? =25.02 + 16.02
are at 90° to each other, =625 + 256

apply Pythagoras’ theorem to ~
calculate the magnitude of the R=vesl

resultant vector. =29.7m

Using trigonometry, calculate tang = 160

the angle from the west vector 25.0

to the resultant vector. 0 =tan! 0.640
=32.6°

Determine the direction of the 90.0° - 32.6°=57.4°
vector relative to north or south. | The direction is N57.4°W

State the magnitude and R=29.7m N57.4°W
direction of the resultant vector.

Worked example: Try yourself 2.2.2
ADDING VECTORS IN TWO DIMENSIONS USING GEOMETRY

Determine the resultant force when forces of 5.00N east and 3.00N north both
act on a tree at the same time. Refer to Figure 2.2.2 on page 39 for sign and
direction conventions if required.

| PHYSICS IN ACTION|
Surveying

Surveyors use technology to measure, analyse and manage Surveyors are often the first professionals on a building
data about the shape of the land and the exact location of site to ensure that the boundaries of the property are
landmarks and buildings. They take many measurements, correct. They also ensure that the building is built in

including angles and distances, and use them to the correct location. Surveyors must liaise closely with
calculate more advanced data such as vectors, bearings, architects both before and during a building project as
co-ordinates, elevations and maps. Surveyors typically they provide position and height data for walls and floors.

use theodolites (see Figures 2.2.8 and 2.2.9), GPS survey
equipment, laser range finders and satellite images to map
the land in three dimensions.

FIGURE 2.2.8 Surveying the land with a theodolite. FIGURE 2.2.9 Surveying equipment being used on a building site.
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2.2 Review

+ Combining vectors is known as adding vectors.

» One-dimensional vector addition refers to vectors
in a line, while two-dimensional vector addition
refers to vectors on a plane.

» Adding vectors in one dimension can be done
graphically by using vector diagrams. After adding
vectors head to tail, the resultant vector can be
drawn from the tail of the first vector to the head
of the last vector.

+ Adding vectors in one dimension can be done
algebraically by applying a sign convention.
Vectors with direction become vectors with either
positive or negative signs.

KEY QUESTIONS

Every day, Monday to Friday, a man drives his car
3.00km east to work and returns the same route
home. He drives nowhere else.

a What distance will he have driven in a week?

b What is his displacement at the end of a week?
Add the following vectors to find the resultant vector:
3.00m up, 2.00m down and 3.00m down.
Determine the resultant vector of a toy train that is
made to move in these directions: 23.0m forwards,

16.0m backwards, 7.0m forwards and 3.0m backwards.

When adding vector B to vector A using the head to
tail method, from what point, and to what point, is the
resultant vector drawn?

A from the head of A, to the tail of B

B from the tail of B, to the head of A

C from the head of B, to the tail of A

D from the tail of A, to the head of B

Describe the magnitude and direction of the resultant
vector, drawn in red, in the following diagram.

0

20.0 m south

40.0 m west

Adding vectors in two dimensions can be
estimated graphically with a scale and a
protractor.

An alternate method of adding vectors in two
dimensions is to construct a parallelogram

of vectors.

Adding vectors in two dimensions can be done
more accurately using Pythagoras’ theorem and
the trigonometric ratios of a right-angled triangle.

Forces of 2000N north and 6000N east act on an
object. What is the resultant force?

Calculate the magnitude of the resultant vector when
30.0m south and 40.0 m west are added.

Determine the resultant force acting on an object
being pulled north by force 3000N; south by 5000N
and east by 5000N.

Determine the resultant vector of the following

combination: 3350N forwards, 6220N backwards,
2235N forwards and 634 N forwards.

44
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2.3 Subtracting vectors in one and
two dimensions

The previous section discussed combining or adding vectors. In physics, there are
times when the difference between two vectors has to be determined. For example,
a change in velocity is determined by the final velocity minus the initial velocity. In
other words, you must subtract vectors. The best way to subtract one vector from
another is to add the opposite vector.

SUBTRACTING VECTORS IN ONE DIMENSION

To find the difference between two vectors, you must subtract the initial vector from
the final vector.To do this, work out which is the initial vector, then reverse its direction.
These two vectors are then added: the final vector and the opposite of the initial vector.

This technique can be applied both graphically and algebraically.
Graphical method of subtracting vectors

Velocity is a quantity that gives an indication of how fast an object is moving in a
certain direction. It is a vector because the direction is important when stating the
velocity of an object. For example, the velocity of the tennis ball moving towards the
racquet in Figure 2.3.1 is different from the velocity of the tennis ball as it leaves
the racquet. The concept of velocity is covered in more detail in Chapter 3, but it is
useful to use the example of velocity now when discussing the subtraction of vectors.
The processes applied when subtracting velocity vectors work for all other vectors.

FIGURE 2.3.1 As velocity is a vector, direction is important. The tennis ball has a different velocity
when it leaves the racquet from when it travelled towards the racquet.

To subtract velocity vectors in one dimension using a graphical method,
determine which vector is the initial velocity and which is the final velocity. The
final velocity is drawn first. The initial velocity is then drawn, but in the opposite
direction to its original direction. The sum of these vectors, or the resultant vector,
is drawn from the tail of the final velocity to the head of the reversed initial velocity.
This resultant vector is the difference between the two velocities, or Av.

In Figure 2.3.2, the two separate velocity vectors v; (9.00ms 'east) and v,
(3.00ms!east) are drawn separately. The initial velocity, v;, is then drawn again in
the opposite direction: —v; or 9.00ms™! west.

v,=3.00 ms™ east

—_—

v,=9.00 m s~ east —v,=9.00 m s~ west

FIGURE 2.3.2 Subtracting vectors using the graphical method: the initial vectors.

PHYSICSFILE

Double negatives

When a negative number is multiplied by
another negative number, the result is

a positive number. A double negative is
also illustrated when a negative number
is subtracted from another number.

The effect is to add the two numbers
together. For example, (5) — (-2) =7.

It is important to differentiate between
the terms subtract, minus, take away
or difference between, and the term
negative. The terms subtract, minus,
take away or difference between are
processes, like add, multiply and
divide. You will find these processes
grouped together on your calculator.
The term negative is a property of a
number that means that it is opposite
to positive. There is a separate button
on your calculator (usually shown as )
for this property.

| didn't want to never
let you not do nothing when
subtracting negative
numbers

FIGURE 2.3.3 Double negatives can be
confusing.
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Av=6.00ms™ west | v,=3.00ms™ east

—v,=9.00 m s~ west

FIGURE 2.3.4 Subtracting vectors using the
graphical method: the resultant vector.

0 To find the difference between
or change in vectors, subtract the
initial vector from the final vector.
Vectors are subtracted by adding
the negative of a vector.

up +

down —

backwards «——— forwards
- +

left «<— right
- +

N +

S—

W=<——> E

- +

FIGURE 2.3.5 Sign and direction conventions.
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Figure 2.3.4 illustrates how the difference between the vectors is found. Firstly,
the final velocity, v,, is drawn. Then the opposite of the initial velocity, —v;, is drawn
head to tail. The resultant vector, Av, is drawn from the tail of v, to the head of —v;.

The magnitude of the resultant vector, Av, can be calculated from the magnitudes
of the two vectors. Alternatively, you could draw the vectors to scale and then
measure the resultant vector against that scale—for example 1ms™ = 1 cm.

The direction of the resultant vector, Av, is the same as the direction from the tail
of the final velocity, v,, to the head of the opposite of the initial velocity, —v;.

Algebraic method of subtracting vectors

To subtract velocity vectors in one dimension algebraically, a sign convention is
used to represent the direction of the velocities. Some examples of one-dimensional
directions include east and west, north and south, and up and down. These options
are replaced by positive (+) or negative (—) signs when calculations are performed.
To change the direction of the initial velocity, simply change the sign from positive
to negative or from negative to positive.
The equation for finding the change in velocity is:
change in velocity = final velocity — initial velocity
Av =70, — vy
Av =190, + (-vy)
change in velocity = final velocity + the opposite of the initial velocity
The final velocity is added to the opposite of the initial velocity. Since the change
in velocity is a vector, it will consist of a sign and a magnitude. The sign of the
answer can be compared with the sign and direction convention (Figure 2.3.5) to
determine the direction of the change in velocity.

Worked example 2.3.1
SUBTRACTING VECTORS IN ONE DIMENSION USING ALGEBRA

Use the sign and direction conventions shown in Figure 2.3.5 to determine the
change in velocity of a plane as it changes from 255ms-1 west to 160ms-! east.

Thinking

Working

Apply the sign and direction convention
to change the directions to signs.

v; = 255ms1 west = -255ms!
v, =160ms™! east = +160ms!

Reverse the direction of the initial
velocity, v, by reversing the sign.

—v; = 255ms! east
=+255ms!

Use the formula for change in velocity
to calculate the magnitude and the
sign of Av.

Av =vy + (-v7)
= (+160) + (+255)
=+415ms!

Refer to the sign and direction
convention to determine the direction

of the change in velocity.

Positive is east.
~Av=415ms! east

Worked example: Try yourself 2.3.1

SUBTRACTING VECTORS IN ONE DIMENSION USING ALGEBRA

Use the sign and direction conventions shown in Figure 2.3.5 to determine the
change in velocity of a rocket as it changes from 212ms-! up to 2200 ms-1 up.

| MOTION, FORCES AND ENERGY



SUBTRACTING VECTORS IN TWO DIMENSIONS

Changing velocity in two dimensions can occur when turning a corner. For example,
walking at 3.00ms™! west, then turning to travel at 3.00ms~! north. Although the
magnitude of the velocity is the same, the direction is different.

A change in velocity in two dimensions can be determined using either the
graphical method or the geometric method described in the previous section. The
initial velocity must always be reversed before it is added to the final velocity.

The two-dimensional direction conventions were introduced in the previous
section and are shown here in Figure 2.3.6.

north forwards

left

west east right

south backwards

FIGURE 2.3.6 The direction conventions for the horizontal plane.

Graphical method of subtracting vectors

To subtract vectors using a graphical method, choose a direction convention and a

scale, and draw each vector.
Using velocity as an example, the steps to do this are as follows.

¢ Draw in the final velocity first.

¢ Draw the opposite of the initial velocity head to tail with the final velocity vector.

¢ Draw the resultant change in velocity vector, starting at the tail of the final velocity
vector and ending at the head of the opposite of the initial velocity vector.

¢ Measure the length of the resultant vector and compare it to the scale to
determine the magnitude of the change in velocity.

¢ Measure an appropriate angle to determine the direction of the resultant vector.
Figure 2.3.7 shows the velocity vectors for travelling 3.00ms™! west and then

turning and travelling 3.00ms™! north. The opposite of the initial velocity is drawn

as 3.00ms™! east.

N v,=3.00 m s™ north
W “I—’ E
T v,=3.00 m s~ west
S 1 | | |
P 1 —v,=3.00m s east
1.00 m s™!

FIGURE 2.3.7 Subtracting two vectors at right angles, using the graphical method: the initial vectors.

O When a change in a vector
occurs, the magnitude and/or
the direction of the vector
can change.
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To determine the change in velocity, the final velocity vector is drawn first,
then from its head the opposite of the initial velocity is drawn. This is shown in
Figure 2.3.8. The magnitude of the change in velocity (the resultant vector) is
shown in red. It is estimated to be about 4.30ms™! according to the scale provided.
Using a protractor, the resultant vector is measured to be in the direction N 45.0°E.

3.00 m s! east

3.00 m s™! north
Av=430ms!

FIGURE 2.3.8 Subtracting two vectors at right angles, using the graphical method: the resultant vectors.

Geometric method of subtracting vectors

The graphical method of subtracting vectors in two dimensions only gives
approximate results, as it relies on comparing the magnitude of the change in
velocity vector to a scale and measuring its direction with a protractor.

As you saw earlier in the chapter when adding vectors, a more accurate method
to subtract vectors is to use Pythagoras’ theorem and trigonometry.

Figure 2.3.9 shows how to calculate the resultant velocity when changing from
25.0ms™! east to 20.0ms~! south. The initial velocity of 25.0ms™! east and the final
velocity of 20.0ms™! south are drawn. Then the opposite of the initial velocity is
drawn as 25.0ms~! west. The final velocity vector is drawn first, then from its head
the opposite of the initial velocity is drawn. The resultant velocity vector, shown
in red, is calculated to be 32.0ms"!. The resultant vector is calculated to be in the
direction S 51.3°W.

The resultant vector is 32.0ms™ S 51.3°W.

v,=25.0ms" east

N
W + E v,=20.0 m s~ south
-v,=25.0m s west
S
0
Av
v,=20.0 m s™' south
-v,=25.0m s west
25.0
2 2 2 —_ =
R*=25.02+20.0 tan 0 = 20.0
=625 + 400 0=tan"' 1.25
R =+/1025 =51.3°
=32.0ms! S51.3°W

FIGURE 2.3.9 Subtracting two vectors at right angles, using the geometric method.
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Worked example 2.3.2

SUBTRACTING VECTORS IN TWO DIMENSIONS USING GEOMETRY

Determine the change in velocity of Clare’s scooter as she turns a corner if she
approaches it at 18.7ms~1 west and exits at 16.6ms™! north.

Thinking Working
Draw the final velocity vector, vy, N
and the initial velocity vector, v;, W<_I_,E
separately. Then draw the initial
velocity in the opposite direction. > v =187 m s west
. .
v,=16.6 m s™ north

-v,=18.7m s east

Construct a vector diagram N
drawing v, first and then from
its head draw the opposite of
v1. The change of velocity vector
is drawn from the tail of the
final velocity to the head of the
opposite of the initial velocity.

S

v,=16.6 m s™ north

W<-1->E

—v,=18.7m s east

Av
0

As the two vectors to be added R? = 16.62 + 18.72
are at 90° to each other, apply = 275.26 + 349.69
Pythagoras’ theorem to calculate T
the magnitude of the change R= 625'2?1
in velocity. =250ms
Calculate the angle from the tang — 18.7
north vector to the change in ant = 16.6
velocity vector. o=tan-!11.16

=48.4°

State the magnitude and
direction of the change
in velocity.

Av=250ms1N 48.4°E

Worked example: Try yourself 2.3.2

SUBTRACTING VECTORS IN TWO DIMENSIONS USING GEOMETRY

Determine the change in velocity of a ball as it bounces off a wall. The ball
approaches at 7.00ms! south and rebounds at 6.00ms-! east.
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2.3 Review

» To find the difference between, or change in vectors,
subtract the initial vector from the final vector.

» Vectors are subtracted by adding the negative, or
opposite, of a vector.

» Vector subtraction in one or two dimensions can
be determined graphically using a scale and a
protractor.

KEY QUESTIONS

A car that was initially travelling at a velocity of
3.00ms! west is later travelling at 5.00ms™! east.
What is the difference between the two vectors?

Determine the change in velocity of a runner who
changes from running on grass at 4.00ms-! to the
right to running in sand at 2.00ms™1 to the right.

A student throws a ball up into the air at 4.00ms1. A
short time later the ball is travelling back downwards
to hit the ground at 3.00ms-1. Determine the change
in velocity of the ball during this time.

Tom hits a tennis ball against a wall. If the ball travels
towards the wall at 35.0ms-! north and rebounds at
32.5ms™! south, calculate the change in velocity of
the ball.

Jamelia applies the brakes on her car and changes
her velocity from 22.2ms-! forwards to 8.20ms!
forwards. Calculate the change in velocity of
Jamelia’s car.

UNIT 1 | MOTION, FORCES AND ENERGY
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Vector subtraction in one dimension can be
determined algebraically by applying a sign and
direction convention.

Vector subtraction in two dimensions can be
determined geometrically using Pythagoras’
theorem and trigonometry.

A jet plane makes a turn after taking off, changing
its velocity from 345ms-! south to 406 ms-! west.
Calculate the change in the velocity of the jet.

Yvette hits a golf ball that strikes a tree and changes
its velocity from 42.0ms™! east to 42.0ms™1 north.
Calculate the change in the velocity of the golf ball.

A yacht tacks (changes course) during a race, changing
its velocity from 7.05ms™! south to 5.25ms™! west.
Calculate the change in the velocity of the yacht.

A cyclist travelling north at 40.0kmh-! does a U-turn
at the halfway point of a race and slows to 25.0kmh-1,
Determine:

a the change in speed

b the change in velocity.

A motorcyclist travelling south turns around a
roundabout and exits at the third exit (now heading
west) maintaining a speed of 30.0kmh-1. Determine
their change in velocity.



2.4 Vector components

Sections 2.2 and 2.3 explored how vectors can be combined to find a resultant
vector. In physics, there are times when it is useful to break one vector up into two
vectors that are at right angles to each other. For example, if a force vector is acting at
an angle up from horizontal, as shown in Figure 2.4.1, this vector can be considered
to consist of two independent components, one vertical and one horizontal.

A,

FIGURE 2.4.1 The pulling force acting on the cart has a component in the horizontal direction and a
component in the vertical direction.

The components of a vector can be found using trigonometry.

FINDING PERPENDICULAR COMPONENTS OF A VECTOR

Vectors at an angle are more easily dealt with if they are broken up into perpendicular
components, that is, two components that are at right angles to each other. These
components, when added together, give the original vector. To find the components
of a vector, a right-angled triangle is constructed with the original vector as the
hypotenuse. This is shown in Figure 2.4.2. The hypotenuse is always the longest
side of a right-angled triangle and is opposite the 90.0° angle. The other two sides
of the triangle are each shorter than the hypotenuse and form the 90.0° angle with
each other. These two sides are the perpendicular components of the original vector.

Geometric method of finding vector components

The geometric method of finding the perpendicular components of vectors is to
construct a right-angled triangle using the original vector as the hypotenuse. This
was illustrated in Figure 2.4.2. The magnitude and direction of the components are
then determined using trigonometry. A good rule to remember is that no component
of a vector can be larger than the vector itself. In a right-angled triangle, no side is
longer than the hypotenuse. The original vector must be the hypotenuse and its
components must be the other two sides of the triangle.

Figure 2.4.3 shows a force vector of 50.0N (drawn in black) acting on a box
in a direction 30.0° up from horizontal to the right. The horizontal and vertical
components of this force must be found in order to complete further calculations.

A

F=500N

vertical

30.0°

horizontal

FIGURE 2.4.3 Finding the horizontal and vertical components of a force vector.

450N F,,=45.05in 20.0°
=154N
20.0°
F,, =45.0 cos 20.0°
=423N

FIGURE 2.4.2 The perpendicular components
(shown in red) of the original vector (shown in
blue). The original vector is the hypotenuse of
the triangle.
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The horizontal component vector is drawn from the tail of the 50.0N vector

PHYSICSFILE towards the right, with its head directly below the head of the original 50.0 N vector.

Projectile motion The vertical component vector is drawn from the head of the horizontal component
to the head of the original 50.0 N vector.

Using trigonometry, the horizontal component of the force is calculated to be

43.3N horizontally to the right. The vertical component is calculated to be 25.0N

When objects undergo projectile
motion, such as when a ball leaves
a tennis racquet, the vertical and

horizontal motion are affected vertically upwards. The calculations are shown below:
differently. So, problem solving begins adjacent . opposite
with separating the initial velocity of the cos = hypotenuse sin 6= hypotenuse
Components. At al i during the 2dj=hyp cos 8 oPp =hyp sin 0
’ = o F, = (50.0)(sin30.0°
flight of the ball, the force of gravity Fip = (50.0) (cos _30'0 ) ) v=( ) (sin . )
is pulling down on the ball, causing it = 43.3N horizontal to the right = 25.0N vertically upwards
to accelerate downwards until it hits
something: another racquet, the ngt, Worked example 24.1
or the ground. However, the ball will
continue to move in the horizontal CALCULATING THE PERPENDICULAR COMPONENTS OF A FORCE
direction at the same constant velocity
as there is no force in that direction, Use the direction conventions to determine the perpendicular components of a
once the ball has left the racquet 235N force acting on a bike at a direction of 17.0° north of west.
(Figures 2.4.4 and 2.4.5). Thinking Working
Draw Fy from the tail of the 235N N F=235N
force along the horizontal direction, W<—$—>E F, _
then draw Fy from the horizontal : o 17.0
vector to the head of the 235N force. f F,
Calculate the west component of the 0 adjacent
force Fy using cosv = hypotenuse
cosg = diacent adj = hyp cos @
hypotenuse Fu = (2 17.0°
FIGURE 2.4.4 A tennis ball in motion w = (239)(cos 17.0%)
accelerates downwards while maintaining a =224.7N west

constant horizontal velocity.

Calculate the north component of the ) opposite
force Fy using sin®) = hypotenuse
Sme:r;;):ti(::ie opp =hypsin@
Fn = (235)(sin 17.0°)
=68.7N north

Worked example: Try yourself 2.4.1
CALCULATING THE PERPENDICULAR COMPONENTS OF A FORCE

FIGURE 2.4.5 By judging the perfect Use the direction conventions to determine the perpendicular components of a
vertical and horizontal components of the 3540N force acting on a trolley at a direction of 26.5° down from horizontal to
velocity required, a tennis player can hit the the left.

perfect shot.
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2.4 Review

SUMMARY

A vector can be resolved into two perpendicular
component vectors.

Perpendicular component vectors are at right
angles to each other.

Any component vectors must be smaller in
magnitude than the original vector.

The hypotenuse of a right-angled triangle is the
longest side of the triangle and the other two sides
are each smaller than the hypotenuse.

KEY QUESTIONS

1

Rayko applies a force of 462N on the handle of a

mower in a direction of 35.0° down from horizontal to

the right.

a What is the downwards force applied?

b What is the horizontal right force applied?

A force of 25.9N acts in the direction of S 40.0°E. Find

the perpendicular components of the force.

A ferry is transporting students to Rottnest Island.

At one point in the journey the ferry travels at

18.3ms 1N 75.6°W. Calculate its velocity in the

northerly direction and in the westerly direction at

that time.

Zehn walks 47.0m in the direction of S 66.3°E across

a hockey field. Calculate the change in Zehn’s position

down the field and across the field during that time.

A cargo ship has two tugs attached to it by ropes.

One of the tugs is pulling directly north, while the

other tug is pulling directly west. The pulling forces

of the tugboats combine to produce a total force of

235000N in a direction of N 62.5°W. Calculate the

force that each tug boat applies to the cargo ship.

Resolve the following forces into their perpendicular

components around the north—south line. In part d,

use the horizontal and vertical directions.

a 108N S60.0°E

b 60.0N north

¢ 312N 165°T

d 3.00 x 10°N 30.0° upwards from horizontal to the
right.

10

A right-angled triangle vector diagram can be
drawn with the original vector as the hypotenuse
and the perpendicular components drawn from
the tail of the original to the head of the original.
The perpendicular components can be
determined using trigonometry.

What are the horizontal and vertical components of a
348N force that is applied along a rope used to drag
an object across a yard at 60.0° up from horizontal to
the left?

A ball is hit from a racquet with a velocity of 30.0ms!
at 50.0° up from horizontal to the right. Calculate the
horizontal and vertical components of the velocity.

A person walks 445m in a south-east direction. How
far south have they travelled in this time?

A sprinter starts a race by pushing against the starting
block with a force of 486 N. If the block is positioned
at 70.0° up from horizontal to the left, what horizontal
force does the sprinter apply to the block?
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Chapter review

KEY TERMS

collinear magnitude vector
component resultant vector diagram
dimension scalar

direction conventions units

54

Select the scalar quantities in the list below. (There
may be more than one correct answer.)

A force

B time

C acceleration

D mass

Select the vector quantities in the list below. (There
may be more than one correct answer.)

A displacement

B distance

C volume

D velocity

A basketballer applies a force with their hand to
bounce the ball. Describe how a vector can be drawn
to represent this situation.

Vector arrow A is drawn twice the length of vector
arrow B. What does this mean?

A car travels 15.0ms™1 north and another travels
20.0ms! south. Why is a sign convention often used
to describe vectors like these?

When finding the change in velocity between an initial
velocity of 34.0ms1 south and a final velocity of
12.5ms! east, which two vectors need to be added
together?

If the vector 20.0N forwards is written as —20.0N, how
would you write a vector representing 80.0N backwards?

Describe the following vector direction.
up

left right
70.0°

down

UNIT1 | MOTION, FORCES AND ENERGY
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11

12

13

14

15

16

17

18

19

20

Add the following force vectors using a number line:
3.00N left, 2.00N right, 6.00N right. Then draw and
describe the resultant force vector.

Determine the resultant vector of the following
combination: 45.0m forwards, 70.5m backwards,
34.5m forwards, 30.0m backwards.

Find the vector which results from the addition of
36.0msouth and 55.0 m west.

Add the following vectors: 481 N north and 655N east.
Give answers to three significant figures.

Determine the change in velocity of a bird that
changes from flying 3.00ms™! to the right to flying
3.00ms! to the left.

A car makes a turn, changing its velocity from
13.0ms! south to 18.7ms™! west. Calculate the
change in the velocity vector, Av, of the car, to three
significant figures.

Nina hits a cricket ball so that it changes its velocity
from 38.8ms! east to 55.5ms™! north. Calculate
the change in the velocity vector, to three significant
figures.

A force of 45.5N acts in the direction of S 60.0°E. Find
the eastern and southern components of this force.
Give your answers to three significant figures.

Calculate the vertical velocity of a cannonball which
is shot at 50.0° up from the horizontal ground to the
right at a speed of 422ms-1.

Findlay pulls a heavy load with a force of 212N at
60.0° up from horizontal to the right and Dougie pulls
twice as hard with a different rope at 50.0° up from
horizontal to the right. Determine the total horizontal
force that is pulling the load along.

Lin shoots a basket 5.00m away. It just manages to go
down into the basket at 20.0° up from vertical to the
right, with a vertical velocity component of 3.00 ms-!
down. Calculate its actual speed when it goes through
the loop.

Aidan does a ski jump off a ramp and lands with a
speed of 10.0ms! at 45.0° down from horizontal
to the right. Calculate their vertical and horizontal
velocities when they land.



Motion, from the simple to the complex, is a fundamental part of everyday life. The
motion of a gymnast performing a floor routine is a complex form of motion. An
Olympic snowboarder competing in a half-pipe event also exhibits a complex form
of motion. Simpler examples include a skier travelling in a straight line down a ski
run, a train pulling into a station and a swimmer completing a lap of a pool.

Science Understanding

Linear motion and force

» change (final — initial) in a variable is represented by the symbol A, for example
At =t —t

« displacement is defined as the change in position of an object, including applying
the relationship

S=AX=X—X

« velocity is defined as the rate of change in displacement of an object, including
applying the relationship

AX X — X

Attt

« uniformly accelerated motion (a is constant) is described in terms of relationships
between measurable scalar and vector quantities, including displacement, velocity
and time, including applying the relationships

a= AV _ ViV V.=V, +aAt s :viAtJr—l-aAt2 vZ =v?+2as
At ot -t 2

» motion can be represented graphically to describe linear motion, including
determination, manipulation and use of gradients of curves and areas under
graphs of
+ displacement-time
+ velocity-time
+ acceleration-time
vertical motion is analysed by assuming the acceleration due to gravity is constant
near Earth’s surface.




FIGURE 3.1.1 The centre of mass of each object
is indicated by a cross.

FIGURE 3.1.2 The position, x, of the swimmer is
given with reference to the starting block.

(a) While warming up, Sophie is at x=—10.0m.
(b) When she is on the starting block, her
position is at x =0.0m. (c) After swimming for
a short time, her centre of mass is at a position
where x =+25.0m.

3.1 Displacement, speed and velocity

In order to analyse and communicate ideas about motion, it is important to
understand the terms used to describe motion, even in its simplest form. In this
section you will learn about some of the terms used to describe straight-line motion,
such as position, distance, displacement, speed and velocity.

CENTRE OF MASS

When analysing motion, things are often more complicated than they first appear.
As a freestyle swimmer travels at a constant speed of 2.00ms™, their head and torso
move forwards at this speed. The motion of their arms, however, is more complex.
At times their arms move forwards through the air faster than 2.00ms™!, and at
other times they are actually moving backwards through the water.

It is beyond the scope of this course to analyse such a complex motion. However,
the motion of the swimmer can be simplified by treating the swimmer as a simple
object located at a single point called the centre of mass or centre of gravity. The
centre of mass is the balance point of an object. For a person, the centre of mass is
located near the waist. The centres of mass of some everyday objects are shown in
Figure 3.1.1. The concept of centre of mass and centre of gravity is discussed in
more detail in Year 12.

POSITION, DISTANCE AND DISPLACEMENT

Position, distance and displacement are three essential concepts for analysing
straight-line motion and understanding how objects move.

Position

One important term to understand when analysing straight-line motion is position,
which is given the symbol x.

0 e Position, x, describes the location of an object at a certain point in time
with respect to the origin.
Position is a vector quantity and therefore requires a direction.
Change in position, Ax, is the difference between the final position and the
initial position, x; — x.

Consider a swimmer, Sophie, doing laps in a 50.0m pool, as shown in Figure 3.1.2.
To simplify her motion, Sophie is treated as a simple point object. The pool can be
treated as a one-dimensional number line, with the starting block as the origin. The
direction to the right of the starting block is taken to be positive.

Sophie’s position as she is warming up behind the starting block in Figure 3.1.2a
is x =—10.0m. The negative sign indicates the direction from the origin; that is, to the
left. Her position could also be given as x = 10.0m to the left of the starting block.

At the starting block (Figure 3.1.2b), Sophie’s position is x = 0.0m. After
swimming half the length of the pool, her centre of mass is at a position where
x=+425.0m or 25.0m to the right of the origin (Figure 3.1.2¢).

a
| I | I
-10.0 0]0 10.0 20.0 30.0 40.0 50.0 60.0 m
Position
b
| I | I
-10.0 0J0 10.0 20.0 30.0 40.0 50.0 60.0 m
Position
d
| | ] |
-10.0 0]0 10.0 20.0 30.0 40.0 50.0 60.0 m
Position
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Distance travelled

Position, x, describes where an object is at a certain point in time. However, distance
travelled, d, is how far a body travels during a journey.

0 e Distance travelled, d, describes the length of the path covered during an
object’s entire journey.
e Distance travelled is a scalar quantity and is measured in metres (m).

For example, if Sophie completes three lengths of the pool, the distance, d,
travelled during her swim will be 50.0 + 50.0 + 50.0 = 150.0m.

The distance travelled is not affected by the direction of the motion; that is,
the distance travelled by an object always increases as it moves, regardless of its
direction. The tripmeter or odometer of a car or bike, for example, measures
distance travelled. To better understand this, consider tying one end of a spool of
string to your letterbox and letting it unravel behind you as you walk to school. The
length of the unwound string would represent the distance you have travelled.

Displacement

Displacement, s, is defined as the change in position, Ax, of an object.
Displacement considers only the initial or starting position, x;, and the final or
finishing position, x¢; the route taken between these two points has no effect on
displacement. The sign of the displacement indicates the direction in which the
position has changed from the start to the end.

6 e Change (final — initial) in a variable is represented by the symbol A.
e Displacement, s, is the change in position of an object in a given direction, s = Ax.
e Displacement = final position — initial position or s = Ax = x; — x;
e Displacement is a vector quantity and is measured in metres (m).

Consider the example of Sophie completing one length of the pool. During her
swim, the distance travelled is 50.0m. Her final position, x;, is +50.0m and her
initial position, x;, is 0.0 m. Her displacement can therefore be shown as:

s = final position — initial position

§=Xf— X

s=(+50.0) - (0.0) s=+450.0m or 50.0m in a positive direction.

Notice that magnitude, units and direction are required for a vector quantity.
The distance will be equal to the magnitude of displacement only if the body is
moving in a straight line and does not change direction. If Sophie swims two lengths,
her distance travelled will be 100.0m: 50.0m out and 50.0m back. However, her
displacement during this swim will be:

s = final position — initial position
s=(0.0) - (0.0)
s=0.0m

Even though Sophie has swum 100.0m, the displacement is zero because her
initial and final positions are the same.

The above formula for displacement is useful if you already know the initial
and final positions of a body’s motion. An alternative method to determine total
displacement, if you know the displacement of each section of the motion, is to sum
or add up the individual displacements for each section of motion.

0 total displacement = sum of individual displacements, or s =s; + s, + 53 +...

It is important to remember that displacement is a vector and so, when adding
displacements, you must obey the rules of vector addition (discussed in Chapter 2).
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In the example above, therefore, in which Sophie completed two laps of the pool,
overall displacement could also have been calculated by adding the displacement of

each lap:

s = sum of displacements for each lap

s =50.0m in the positive direction + 50.0m in the negative direction
s=(50.0) + (-50.0)

s=0.0m

| PHYSICS IN ACTION|

Timing and false starts in
athletics

Until 1964, all timing of events at the Olympic Games was
recorded by handheld stopwatches (Figure 3.1.3). The
reaction times of the judges meant an uncertainty of 0.2s
for any measurement. An electronic quartz timing system
introduced in 1964 improved accuracy to 0.01s, but in
close finishes the judges still had to wait for a photograph
of the finish before they could announce the places.

oo
[ s
, e,
»

-

FIGURE 3.1.3 Using stopwatches to time a swimming race at the 1960
Olympic Games in Rome.

The current timing system used in athletics is a vertical
line-scanning video system (VLSV). Introduced in 1991,

UNIT 1 | MOTION, FORCES AND ENERGY

this electronic timing system is completely automatic.
The starting pistol triggers a computer to begin timing.
At the finish line, a high-speed video camera records the
image of each athlete and indicates the time at which
each one crosses the line. This system enables the times
of all athletes in the race to be precisely measured to
one-thousandth of a second.

Another feature of this system is that it indicates when
a runner ‘breaks’ at the start of the race. Each starting
block is connected by electronic cables to the timing
computer and a pressure sensor indicates if a runner has
left the blocks early (Figure 3.1.4). A reaction time of 0.10s
has been incorporated into the system since 2002. This
ensures that a runner has not anticipated the pistol. It also
means that a runner can still commit a false start even
if their start was after the pistol. A start that is less than
0.10s after the pistol is registered as false.

FIGURE 3.1.4 Starting blocks are fitted with pressure sensors to detect
false starts.




SPEED AND VELOCITY

For thousands of years, humans have tried to travel at ever greater speeds. This
desire has contributed to the development of all sorts of competitive activities, as
well as major advances in engineering and design. World records for some of these
pursuits are given in Table 3.1.1.

TABLE 3.1.1 World record speeds for a variety of sports or modes of transport
(as of June 2024).

World record speed (ms1) World record speed (kmh1)

street luge 45522 163.88
maglev train 128 460
tennis serve 73.06 263.0
waterskiing (barefoot) 60.678 218.44
cricket delivery 4481 161.3
electric formula 1 89.4 322

Speed and velocity are both quantities that give an indication of how quickly
the position of an object is changing. Both terms are in common use and are often
assumed to have the same meaning. In physics, however, these two terms have
different definitions.

Instantaneous speed and velocity

Instantaneous speed and instantaneous velocity give a measure of how fast
something is moving at a particular point in time. The speedometer on a car or bike
indicates instantaneous speed.

If a speeding car is travelling north and is detected on a police radar gun at
150kmh™1, it indicates that this car’s instantaneous speed is 150kmh™!, while its
instantaneous velocity is 150kmh™! north. Notice that the instantaneous speed is
equal to the magnitude of the instantaneous velocity.

Average speed and velocity

Average speed and average velocity both give an indication of how fast an object is
moving over a period of time.

_ distance travelled

o d
average speed, v, = =—

time taken At

. changeindisplacement Ax  x, — X,
average velocity, v,, = o - = = ==
f i

A direction (such as north, south, up, down, left, right, positive, negative) must be
given when describing a velocity. The direction will always be the same as that of
the displacement.

For example, the average speed of a car that takes 30.0 minutes to travel 20.0 km
from Perth to Sorrento is 40.0kmh~'. However, this does not mean that the car
travelled the whole distance at this speed. In fact, it is more likely that the car was
moving at 60.0kmh™! for a significant amount of time, while for some of the time it
may not be moving at all.

Like the relationship between distance and displacement, average speed will be
equal to the magnitude of average velocity only if the body is moving in a straight line
and does not change direction. In a race around a circular track like the velodrome
shown in Figure 3.1.5, regardless of the average speed for one complete lap, the
magnitude of the average velocity at the end of that lap will be zero because the
displacement is zero.

0 e Speed, v, is defined in terms
of the rate, At, at which the
distance, d, is travelled. Like
distance, speed is a scalar
quantity. A direction is not
required when describing the
speed of an object.

e Velocity, v, is defined in terms
of the rate, At, at which
displacement, s, changes
and so is a vector quantity.

A direction should always be
given with a velocity.

e The Sl unit for speed and
velocity is metres per second
(ms™1), but kilometres
per hour (kmh=1) is also
commonly used.

FIGURE 3.1.5 Anna Meares won the UCI world
championship in 2013. She rode 500 m in a
world record time of 32.8365s. Her average
speed was 55.6 kmh™! but her average velocity
was zero at the start—finish line.
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EXTENSION

How police measure the speeds of cars

Road accidents cause the deaths of about 1200 people
in Australia each year and many times this number are
seriously injured. Numerous steps have been taken to
reduce the number of road fatalities. Some of these
include random alcohol and drug testing, speed cameras,
mandatory wearing of bicycle helmets and the zero blood
alcohol level for probationary drivers.

One of the main causes of road trauma is speeding. In
their efforts to combat speeding motorists, police employ
a variety of speed-measuring devices. One such device is
shown in Figure 3.1.6.

FIGURE 3.1.6

on poles.

Speed camera radar

Camera radar units are usually placed in unmarked vehicles

parked by the side of the road. These units emit a radar
signal frequency of 24.15GHz (2.415 x 101°Hz). The radar
antenna has a parabolic reflector that enables the unit to
produce a directional radar beam that is 5° wide, allowing
individual vehicles to be targeted. The radar range and
field of vision for a camera is shown in Figure 3.1.7. The

radar signal allows speeds to be determined by the Doppler
effect, where the reflected radar signal from an approaching

vehicle has a higher frequency than the original signal.
Similarly, the reflected signal from a receding vehicle has a

lower frequency. This change in frequency or ‘Doppler shift’

is processed by the unit and gives a measurement of the
instantaneous speed of the target vehicle.

field of vision of the camera
111]]] radar range

FIGURE 3.1.7 Diagram showing the visual range of a speed camera.

Speed cameras
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Camera radar units are capable of targeting a
single vehicle up to 1.2km away. In traffic, the units
can distinguish between individual cars and take
two photographs per second. The photographs and
infringement notices are mailed to the offending motorists.

Laser speed guns

Speed guns are used by police to obtain an instant measure
of the speed of an approaching or receding vehicle. The unit
is usually handheld and is aimed directly at a vehicle using a
target sight. It emits a pulse of infra-red radiation frequency
of 331 THz (3.31 x 1014 Hz). As with camera radar units,

the speed is determined by the Doppler shift produced by
the target vehicle. The infra-red pulse is very narrow and
directional, being just 0.17° wide. This allows vehicles to be
targeted with great precision. Handheld units can be used at
distances up to 800 m. If the vehicle’s speed registers over
the limit, police are likely to pull the driver over.

Fixed speed cameras

Fixed speed cameras obtain their readings by using a
system of three strips with piezoelectric sensors in them
across the road (see Figure 3.1.8). The strips respond

to the pressure exerted as the car drives over them and
create an electrical pulse that is detected by the unit.

By knowing the precise distance between the strips and
measuring the time that the car takes to travel across them,
the speed of the car can be determined. This is actually
measuring the average speed of the car, but by placing the
strips close together the average speed gives a very good
approximation of the instantaneous speed.

Set distance |

/\

1stsensor 2nd sensor 3rd sensor

FIGURE 3.1.8 Fixed speed cameras record the speed of a car twice by
measuring the time the car takes to travel over a series of three sensor
strips embedded in the roadway.




Converting kmh-! to ms!

You should be familiar with 100.0kmh™! as it is the speed limit for most freeways
and country roads in Australia. Cars that maintain this speed would travel 100.0km
in 1.00 hour. Since there are 1000m in 1.00km and 3600s in 1.00hour (60.0s X
60.0 min), this is the same as travelling 100000 m in 3600s.

100.0kmh™! = 100.0 x 1000mh™!

=100000mh™!
_ 100000 4
- 3600 P
=27.8ms!
So,kmh™! can be converted to ms~! by multiplying by ;288 (or simply dividing

by 3.60).

Converting ms! to kmh!

A champion Olympic sprinter can run at an average speed of close to 10.0ms™.
Each second, the athlete will travel approximately 10.0m. At this rate, in 1.00 hour
the athlete would travel 10.0 x 3600 = 36 000 m = 36.0 km.
10.0ms™ 1 =10.0 x 3600mh™!
=36000mh™!
36000
= 7000 kmb
=36.0kmh!
So, ms™! can be converted to kmh™! by multiplying by 3600 (or simply
o 1000

multiplying by 3.60).

When converting a speed from one unit to another, it is important to compare the
speeds to ensure that your answers make sense. To do so, a good rule to remember is
that the number in front of kmh™! is always larger than the number in front of ms™.
The diagram in Figure 3.1.9 summarises the conversion between units for speed.

| PHYSICS IN ACTION |
Alternative units for speed and distance

Metres per second is the standard unit for measuring speed
as it is derived from the standard unit for distance (metres)
and the standard unit for time (seconds). However, alternative
units are often used that better suit certain applications.

The speed of a boat is usually measured in knots,
where 1.00knot = 0.510ms™L. This unit originated in the
nineteenth century when the speed of sailing ships would
be measured by allowing a rope, with knots tied at regular
intervals, to be dragged by the water through a sailor’s
hands. By counting the number of knots that passed
through the sailor’'s hands, and measuring the time taken for
this to happen, the average speed formula could be applied
to estimate the speed of the ship.

The speed of very fast jet planes, such as the one in
Figure 3.1.10, can be measured in Mach numbers, which
are related to the speed of sound. One Mach (referred to as
Mach 1) is equal to the speed of sound, which is 340ms1.
Mach 2 is equal to 680ms™1, or twice the speed of sound.

The light-year is an alternative unit for measuring distance.
The speed of light in a vacuum is 3.00 x 108ms!, which is
three hundred million metres every second. One light-year is

PHYSICSFILE

Reaction time

Drivers are often distracted by loud
music or phone calls. These distractions
result in many accidents on the road.

If cars are moving at high speeds, they
can travel a considerable distance in the
short time that the driver takes just to
recognise a hazard and apply the brakes.
This is known as the reaction distance,
which adds to the stopping distance.
Lower speeds and short reaction times
are very important in helping all road
users to avoid collisions. This is easy to
understand given that distance is directly
proportional to both speed and time,

d = VAL

+3.60

T

km h! ms™!

\_/

X 3.60

FIGURE 3.1.9 Rules for converting
betweenms and kmhL.

FIGURE 3.1.10 Modern fighter aeroplanes can fly at speeds above Mach 1.

the distance that light travels in 1 year, which is

3.15576 x 107 s. Because distances between objects in

the universe are so large, astronomers use the light-year to
measure distances in space. For example, it takes

4.24 years for light to travel 4.014 x 1016m to us from
Proxima Centauri, the nearest star to Earth other than our
own star, Sol (the Sun). It is much easier to say that the
distance from Earth to our nearest star is 4.24 light-years
than it is to use units that work on a smaller scale. Light takes
approximately 8.5 minutes to travel from the Sun to Earth, so
it could be said that the Sun is 8.5 light-minutes away.
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Worked example 3.1.1

CALCULATING VELOCITY AND CONVERTING UNITS

Sam is an athlete performing a training routine by running back and forth along a
straight stretch of running track. Sam jogs 100.0m north in a time of 20.0s, then
turns and walks 50.0msouth in a further 25.0s before stopping.

a Calculate Sam’s velocity in ms™1.

Thinking

Working

Calculate the displacement.
Remember that total
displacement is the sum of
individual displacements. Sam’s
total journey consists of two
displacements: 100.0m north
and then 50.0m south. Take
north to be the positive direction.

s =sum of displacements

s =100.0m north + 50.0m south
s =(100.0) + (-50.0)

s =+50.0m or 50.0m north

S<+—N 0

® finish
20

L4

=

-~—1000m —

start

0
45 @ finish

start

)

A

<-—500m —

Work out the total time taken for
the journey.

At = (20.0) + (25.0) = 45.0s

Substitute the values into the
velocity equation.

Displacement, s, is 50.0 m north.
Time taken, At, is 45.0s.

S
vV =—
At
,_ (500)
(45.0)
v=1.11111

Velocity is a vector, so a direction
must be given.

v=1.11ms"! north

b Determine the magnitude of Sam’s velocity in kmh-1,

Thinking

Working

Convert from ms-1 to kmh-! by
multiplying by 3.60.

v=111111ms"
v=(1.11111)(3.60)
v = 4.00000

As the magnitude of the velocity
is needed, the direction is not

required in this answer.

magnitude of v = 4.00kmh-!
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¢ What is Sam’s speed in ms™1?

the path covered in the entire
journey. The direction does not
matter. Sam travels 100.0m in one
direction and then 50.0m in the
other direction.

Work out the total time taken for
the journey.

At = (20.0) + (25.0) = 45.0s

Substitute the values into the
speed equation.

Distance, d, is 150.0 m.

Time taken, At, is 45.0s.
d

V=—
At
,_(1500)
~ (45.0)
v =3.33333
v=333ms!
d What is Sam’s speed in kmh-1?
Thinking Working

Convert from ms-! to kmh-1
by multiplying by 3.60.

v=3.33333ms’!
v = (3.33333)(3.60)
v = 12.0000
v=12.0 km h’!

Worked example: Try yourself 3.1.1
CALCULATING VELOCITY AND CONVERTING UNITS

Sally is an athlete performing a training routine by running back and forth along a
straight stretch of running track. Sally jogs 108.0m west in a time of 20.05s, then

turns and walks 165.0 m east in a further 45.0s before stopping.

a Calculate Sally’s velocity in ms-1,

b Calculate the magnitude of Sally’s velocity in kmh-1,

¢ What is Sally’s speed in ms-1?

d What is Sally’s speed in kmh-1?

Breaking the speed limit

Over the past 100 years, advances in
engineering and technology have led
to the development of faster machines.
Cars, planes and trains can now move
people at speeds that were thought

to be both unattainable and life-
threatening a century ago.

The 1 mile land-speed record is
1220kmh=! (339 ms™1). This was set in
1997 in Nevada by Andy Green driving
his jet-powered Thrust SSC.

The fastest combat jet is the MiG-25. In
1976 it reached a speed of 3800 km h~!
(1056 ms™1), which is more than three
times the speed of sound.

In 2007, Markus Stoeckl of Austria set a
new speed record for mountain biking.
He reached a speed of 210 km h~!
racing down a ski slope in Chile,
pictured in Figure 3.1.11. This record
was broken by Eric Barone in 2017 with
a speed of 227.720kmh1L.

Thinking Working PHYSICSFILE
Calculate the distance. Remember | d =(100.0) + (50.0)
that distance is the length of d=150.0m

FIGURE 3.1.11 Markus Stoeckl set a new
speed record for mountain biking in 2007.
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3.1 Review

» Position, x, defines the location of an object with » The average velocity of a body, v,,, is defined as
respect to a defined origin. the rate of change of displacement and is a vector
- Distance travelled, d, tells us how far an object has quantity:
actually travelled. Distance travelled is a scalar , . displacement _ s
quantity. ¥ timetaken At
+ Displacement, s, is a vector quantity and is defined « To convert from ms! to kmh-!, multiply by 3.60.
as the change in position of an object, Ax, in a - To convert from kmh-1 to ms-L, divide by 3.60.

Eivenidifection:s s AU S & « The Sl unit for both speed and velocity is metres

+ The average speed of a body, v,,, is defined as the per second (ms-1).

rate of change of distance and is a scalar quantity:
_ distance travelled d

av

time taken At
KEY QUESTIONS
1 A studentjogs one lap of a 400.0m track in 5 Aliftin a city building, shown in the figure below,
2.00 minutes. Calculate: carries a passenger from the ground floor down to the
a their average speed basement, then up to the top floor.

b their average velocity.

2 A person swims ten lengths of a 25.0m pool. Which
one or more of the following statements correctly
describes their distance travelled and displacement? A
A Their distance travelled is zero.

B Their displacement is zero.
C Their distance travelled is 250.0 m.
D Their displacement is 250.0m.

3 An ant is walking back and forth along a metre
ruler, as shown in the figure below. Using the sign
convention that right is positive and left is negative, 50.0 m
determine both the displacement and the distance
travelled by the ant as it moves along the following
paths.

A B C D E

L
O T T T T T T T T T T

0 10 20 30 40 50 60 70 80 90 1;%;‘
I

top floor

ground
floor

a AtoB y
b CtoB
¢ CtoD 10.0 m
d CtoEandthenteb YL A] | basement
4 During a training ride, a cyclist rides 50.0km north a What is the displacement of the lift as it travels
then 30.0km south. from the ground floor to the basement?
a What is the distance travelled by the cyclist during b What is the displacement of the lift as it travels
the ride? from the basement to the top floor?
b What is the displacement of the cyclist for this ride? ¢ What is the distance travelled by the lift during this
entire trip?
d What is the displacement of the lift during this
entire trip?
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A car travelling at a constant speed was timed over
a distance of 400.0m and was found to cover that
distance in 12.0s.

a What was the car’s average speed?

b The driver was distracted when they encountered
a hazard, which meant that their reaction time
was 0.750s before applying the brakes. How far
did the car travel during this period of time?

A cyclist travels 25.0km in 90.0 minutes.

a What is their average speed in kmh-1?

b What is their average speed in ms™1?

Ali pushes a toy truck 5.00 m east, then stops it

and pushes it 4.00 m west. The entire motion takes

10.0s.

a What is the truck’s average speed?

b What is the truck’s average velocity?

Jackie rides a bicycle to school and travels 2.50km

south in 15.0min.

a Calculate Jackie’s average speed in kilometres per
hour (kmh-1).

b What was Jackie's average velocity in metres per
second (ms1)?

An athlete in training for a marathon runs 10.0km

north along a straight road before realising that they

have dropped their drink bottle. The athlete turns
around and runs back 3.0km to find the bottle,
then resumes running in the original direction.

After running for 1.50h, the athlete reaches a point

15.0km from the starting position and stops.

a What is the distance travelled by the athlete
during the run?

b What is the athlete’s displacement during the run?

¢ What is the average speed of the athlete in
kmh-1?

d What is the athlete’s average velocity in kmh-1?
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UNIT 1

3.2 Acceleration

If you have been on a train as it pulled out of the station, you have experienced
acceleration. If you have been in an aeroplane as it has taken off along a runway,
you will have experienced a much greater acceleration. Astronauts and fighter pilots
experience enormous accelerations that would make an untrained person lose
consciousness. Acceleration, which is a measure of how quickly velocity changes,
will be discussed in this section.

FINDING THE CHANGE IN VELOCITY AND SPEED

The velocity and speed of everyday objects are changing all the time. Examples of
these are when a car moves away as the traffic lights turn green, when a tennis ball
bounces or when you travel on a rollercoaster. If the initial and final velocity of an
object are known, its change in velocity can be calculated.

To find the change, A, in any physical quantity, including speed and velocity, the
initial value is taken away from the final value:
Av=v;— 7

0 Change in speed is the final speed minus the initial speed:
AV = v; — v
where v; is the initial speed (ms™)
v¢is the final speed (ms™!)
Av is the change in speed (ms™).
Since speed is a scalar, direction is not required.

0 Change in velocity is the final velocity minus the initial velocity:
AV = v; — v
where v; is the initial velocity (ms™)
v¢ is the final velocity (ms™)
Av is the change in velocity (ms™).

Since velocity is a vector, this should be done by performing a vector subtraction.
As for all vectors, direction is required.

Vector subtraction was covered in detail in Section 2.3 on page 45.

Worked example 3.2.1

CHANGE IN SPEED AND VELOCITY 1

A golf ball is dropped vertically onto a concrete floor and strikes the floor at
5.00msL. It then rebounds upwards at 5.00ms-1,

v,=5.00ms™ v,=500ms

| MOTION, FORCES AND ENERGY



a Calculate the change in speed of the ball.

Thinking Working

Find the values for the initial speed v;=5.00ms1

and the final speed of the ball. vi=5.00ms!
Substitute the values into the change AV = v — v,

in speed equation: Av = (5.00) - (5.00)
Av =v, -V,

Av=0.0ms"!

b Calculate the change in velocity of the ball.

Thinking Working
Velocity is a vector. Apply the sign v;=5.00ms™1 down
convention up for positive and down v,=-5.00ms

for negative to replace the directions. v =5.00ms up

vi=+5.00ms!

As the change in velocity equation is vi = —5.00ms1, therefore
a vector subtraction equation, reverse | _, = ;500ms-!

the direction of v; to get —v;, then add
the two vectors.

Substitute the values into the vector Av = vi+ (-v))
addition equation: Av = v, + (-v,) Av = (+5.00) + (+5.00)
Av=+10.0ms!

Apply the sign convention to describe Av=10.0ms1 up
the direction.

Worked example: Try yourself 3.2.1
CHANGE IN SPEED AND VELOCITY 1

A golf ball is dropped onto a wooden floor and strikes the floor at 9.00 ms-1. It then
rebounds at 7.00ms1.

a Calculate the change in speed of the ball.

b Calculate the change in velocity of the ball.

ACCELERATION

Consider the following information about the instantaneous velocity of a car that
starts from rest as shown in Figure 3.2.1.

@
rowioe| Towiow  rowiow rowioe

t=0.00s 1.00 s 2.00s 3.00s

FIGURE 3.2.1 A car’s acceleration as it increases in velocity from 0.0kmh=! to 30.0kmh~*.

The velocity of the car pictured above increases by 10.0kmh™! each second.
In other words, its velocity changes by +10kmh™! per second. This is stated as an
acceleration, a = +10.0 kilometres per hour per second or +10.0kmh~!s~!. More
commonly in physics, velocity information is given in metres per second.
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_ change in velocity

time taken
Av
a—=—
At
a=Yi—Vi
t; —t,

where a is the acceleration (ms)
v; is the final velocity
(ms™)
v; is the initial velocity
(ms™)
At = t; - t; is the time
interval (s).

The athlete in Figure 3.2.2 takes 3.00s to come to a stop at the end of a race.
v=6.00m s v=4.00ms! v=2.00ms' v=0.00ms"

t=0.00s t=1.00s t=2.00s t=3.00s

FIGURE 3.2.2 The velocity of the athlete changes by —2.00 ms~t each second. Therefore, the
acceleration, a, is —2.00ms=2.

The velocity of the athlete changes by —2.00 ms~! each second, so the acceleration
is —2.00 metres per second per second. This is usually expressed as a =—2.00 metres
per second squared or a=-2.00ms™2.

A negative acceleration can mean that the object is slowing down in the direction
of travel, as is the case with the athlete in Figure 3.2.2. A negative acceleration can
also mean speeding up but in the opposite direction.

As acceleration is a vector quantity, vector diagrams can be used to calculate
resultant accelerations of an object. Vector diagrams were covered in Chapter 2.

Average acceleration

As with speed and velocity, the average acceleration of an object can also be
calculated. As all calculations of acceleration in this course are calculations of
average acceleration, the av subscript can be assumed and so it can be omitted from
your working.

Average acceleration, a,,, is the rate of change of velocity:

Worked example 3.2.2
CHANGE IN SPEED AND VELOCITY 2

A golf ball is dropped vertically onto a concrete floor and strikes the floor at
7.50ms™ L. It then rebounds upwards at 7.50 ms=1. The contact with the floor
lasts for 25.0 milliseconds.

Calculate the average acceleration of the ball during its contact with the floor.

Thinking Working

Note that the values you will need to vi=—-7.50ms"1
calculate the average accelerationare | _, — 17 50ms-!
initial velocity, final velocity and period

. vi=+7.50ms!
of time.
Use the convention that up is positive AV =ve+ (Vi)

and down is negative. Av = (+7.50) + (+7.50)
Convert 25.0 ms into s by multiplying Av=+15.00ms"

by 1073, as the symbol m, for milli, At=25.0ms
represents 1073, At = 25.0 x10-3

At=2.50 x107?s
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Substitute the values into the average change in velocity
acceleration equation. =

time taken
AV
a=—
At
_ (+15.00)
~ (2.50x107)
a =+600.00

a=+6.00x 102ms=2

Acceleration is a vector, so you must a=6.00x102ms=2 up
include a direction in your answer.

Worked example: Try yourself 3.2.2
CHANGE IN SPEED AND VELOCITY 2

A netball is dropped vertically onto a court and strikes the surface at 9.00ms-1.
It then rebounds upwards at 7.00ms-L. The contact time with the court is
35.0milliseconds.

Calculate the average acceleration of the ball during its contact with the court.

PHYSICSFILE

Human acceleration

In the 1950s, the United States Air Force used a rocket sled to over 1000 kmh~! in a very short period of time. Water scoops
determine the effect of extremely large accelerations on humans.  were used to stop the sled abruptly in just 0.35s. This equates
One of these sleds is shown in Figure 3.2.3. The aim was to find to a deceleration of greater than 400 ms2. The effects of these
out the greatest accelerations that humans could safely withstand ~ massive accelerations are evident on his face (Figure 3.2.4).

to help develop ejector seats for pilots. Colonel John Stapp was a human guinea pig who suffered a

The testing site consisted of an 800 m long railway track and great deal of discomfort so that other pilots would benefit. Safer
a sled with nine rocket motors. One volunteer, Colonel John ejector seats and non-human crash test dummies were developed
Stapp, was strapped into the sled and accelerated to speeds of because of these experiments.

FIGURE 3.2.3 The rocket-powered sled used to test the effects of -
acceleration on humans. FIGURE 3.2.4 Photos showing the distorted face of Colonel John Stapp.
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3.2 Review

SUMMARY

Change in speed is a scalar calculation:
Av = final speed — initial speed = v; — v,
Change in velocity is a vector calculation:
Av = final velocity — initial velocity = v; — v,
Acceleration is a vector. The acceleration of
a body, a, is defined as the rate of change of
velocity:

_ change in velocity

- time taken

AV v -V,
AF ) L=t

KEY QUESTIONS

1

A radio-controlled car is travelling east at 10.0kmh-L.
After hitting some sand, it slows down to 3.00 kmh-1
east. Determine its change in speed.

A lump of Blu Tack is falling vertically at 5.00ms!
and when it hits the floor it stops without rebounding.
Calculate its change in velocity during the collision.

A ping pong ball is falling vertically at 6,00 ms-1. As it
hits the floor, it rebounds at 3.00ms! up. Calculate its
change in velocity during the bounce.

While playing a 90 minute soccer match, Ashley is

running north at 7.50ms1. Ashley slides along the

ground with 1.50 seconds remaining in the match and

stops at the same time the referee ends the game.

Calculate Ashley’s average acceleration as they slide to

a stop.

Dee launches a model rocket at t = 0.00s vertically

and it reaches a speed of 155kmh-1 at t = 3.50s.

What is the magnitude of its average acceleration in

kmh-1s-1?

A squash ball travelling east at 25.7 ms! strikes the

front wall of the court and rebounds at 15.2ms!

west. The contact time between the wall and the ball is

0.0535s. Calculate:

a the change in speed of the ball

b the change in velocity of the ball

¢ the average acceleration of the ball during its
contact with the wall.

UNIT 1 | MOTION, FORCES AND ENERGY
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» The standard unit of acceleration is metres per
second per second (ms2).

A greyhound starts from rest at t = 0.00s and
accelerates uniformly. Its velocity at t = 1.25s is

8.08 ms~! south. Determine:

a the change in speed of the greyhound

b the change in velocity of the greyhound

¢ the acceleration of the greyhound.

How long does it take a vehicle travelling at 10.0ms™1
to reach 30.0ms™ if it accelerates at 3.00ms2?

A car travelling at 20.0ms! decelerates at 2.50ms=2.
Calculate the time taken to stop.

A cyclist takes 4.00s to slow down at =3.00ms2 and
completely stop. Calculate the initial velocity of the
cyclist.



3.3 Graphing position, velocity and
acceleration over time

At times, even the motion of an object travelling in a straight line can be complicated.
The object may travel forwards or backwards, speed up or slow down, or even stop.
Where the motion remains in one dimension, however, the information can be more
easily understood when presented in graphical form.

The main advantage of a graph compared with a table is that it allows the nature
of the motion to be seen clearly. Information that is contained in a table is not as
readily accessible or as easy to interpret as information presented graphically. This
section examines position—time, velocity—time, and acceleration—time graphs.

POSITION-TIME (x-t) GRAPHS
A position—time graph indicates the position, x, of an object at any time, ¢, for -_/
motion that occurs over an extended time interval. However, the graph can also Position

provide additional information. 00 100 200 300 400 50.0m

Consider Sophie, shown in Figure 3.3.1, swimming laps of a 50.0m pool. Her
position—time data are shown in Table 3.3.1. The starting point is treated as the
origin for this motion.

FIGURE 3.3.1 Swimmer standing at the end of a
50.0 m swimming pool.

TABLE 3.3.1 Positions and times of a swimmer completing 1.5 laps of a pool.

Time (s) 0.0 5.0 100 150 20.0 25.0 30.0 350 40.0 45.0 50.0 55.0 60.0

GHUGORGYM 0.0 100 20.0 30.0 40.0 50.0 50.0 50.0 45.0 40.0 35.0 30.0 25.0

Analysis of Table 3.3.1 reveals several features of Sophie’s swim. For the first
25.0s, she swims at a constant rate. Every 5.00s she travels 10.0m in a positive
direction, i.e. her velocity is +2.00ms~!. Then, from 25.0s to 35.0s, her position
does not change. She seems to be resting, as she is stationary for this 10.0s interval.
Finally, from 35.0s to 60.0s, she swims back towards the starting point, in a
negative direction. On this return lap, she maintains a more leisurely rate of 5.00m
every 5.00s, so her velocity is —1.00ms™!. However, Sophie does not complete this
lap, finishing 25.0m from the start. This data is shown more conveniently on the
position—time graph in Figure 3.3.2.

50
45
40—
354
30
25+
20+
15
10

5

0

Position (m)

T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60
Time (s)
FIGURE 3.3.2 This position—time graph represents the motion of a swimmer travelling 50.0 m along

a pool, then resting and swimming back towards the starting position. The swimmer finishes halfway
along the pool.
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The displacement, s, of the swimmer can be determined by comparing the initial
and final positions. Her displacement between 20.0s and 60.0s is, for example:
s = final position — initial position
s=(25.0) — (40.0)
s=—-150m
By further examining the graph, it can be seen that during the first 25.0s
the swimmer has a displacement of +50.0m. Therefore, her average velocity is
+2.00 ms7l, i.e. 2.00ms! to the right, during this time. This value can also be
obtained by finding the gradient of this section of the graph.

ﬂ A straight-line in a position—time A
graph (Figure 3.3.3) indicates a
uniform velocity. The slope (gradient)
of the line is equal to the velocity of
the object.

gradient = velocity

| Ax

Position (m)

Y

Time (s)

FIGURE 3.3.3 Position—time graph
with gradient.

A positive velocity indicates that the object is moving in a positive direction and
negative velocity indicates motion in a negative direction.

To confirm that the gradient of a position—time graph is a measure of velocity
you can use dimensional analysis:
rise _ Ax
run Az

The units of this gradient will be metres per second (ms~!) so gradient is a
measure of velocity. Note that the rise in the graph is the change in position, which
is the definition of displacement; that is, Ax = s.

gradient of x—¢ graph =

Non-uniform velocity

For motion with uniform (constant) velocity, the position—time graph will be
a straight line, but if the velocity is non-uniform the graph will be curved. If the
position—time graph is curved, the instantaneous velocity will be the gradient of the
tangent to the line at the point of interest; the average velocity will be the gradient of
the chord between two points. This is illustrated in Figure 3.3.4.

Displacement

Time

FIGURE 3.3.4 The instantaneous velocity at point A is the gradient of the tangent at that point. The
average velocity between points B and C is the gradient of the chord between these points on the
graph.
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Worked example 3.3.1
ANALYSING A POSITION-TIME GRAPH

The motion of a cyclist is represented by the position-time graph below, with
important features of the motion labelled A, B, C, D, E and F.

300

250

200+

x(m)

150

100

50

A T T

D E

0 20 40

I I 1
60 80 100

t(s)

a What is the velocity of the cyclist between A and B?

Thinking

Working

Determine the change in position
(displacement) of the cyclist between
A and B using:

s = final position — initial position

S =AX = X; — X

AtA x;=0.0m

At B, x;=100.0m
s =(100.0) — (0.0)
$=+100.0m or 100.0m

forwards (that is, away from the
starting point)

Determine the time taken to travel
from A to B.

At=t -t

At A t;=0.0s

At B, t;=20.0s

At = (20.0) - (0.0)
At =20.0s

Calculate the gradient of the graph

between A and B using:

dient of x—t graph = 1158 _ &%
gradient of x—t graph = "o = At
Remember that Ax =s.

. AX
radient = —
g At

(+100.0)
(20.0)

gradient = +5.00

gradient =

State the velocity, using:
gradient of x—t graph = velocity

Velocity is a vector so a direction must
be given.

Since the gradient is +5.00, the velocity
is +5.00ms! or 5.00ms! forwards.

b Describe the motion of the cyclist between B and C.

Thinking

Working

Interpret the shape of the graph
between B and C.

The graph is flat between B and C,
indicating that the cyclist’s position is
not changing during this time. So, the
cyclist is not moving. If the cyclist is
not moving, the velocity is 0ms.,
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You may confirm the result by (0.00)

calculating the gradient of the graph gradient = (20.0)
between B and C using: _ '
rise  AX gradient = 0.00
gradient of x~t graph =/ = At Since the gradient is 0.00, the velocity
Remember that Ax =s. is 0.00ms1.

Worked example: Try yourself 3.3.1
ANALYSING A POSITION-TIME GRAPH

Use the graph shown in Worked example 3.3.1 to answer the following questions.

a What is the velocity of the cyclist between E and F?

b Describe the motion of the cyclist between D and E.

VELOCITY-TIME (v-t) GRAPHS

A graph of velocity, v, against time, z, shows how the velocity of an object changes
with time.

Analysing motion
A velocity—time graph is useful for analysing the motion of an object moving in a
complex manner.

Consider the example of the girl in Figure 3.3.5. Aliyah is running back and
forth along an aisle in a supermarket. A study of the velocity—time graph reveals
that Aliyah is moving with a positive velocity, i.e. in a positive direction, for the first
6.0s. Between the 6.0s mark and the 7.0 s mark she is stationary, then she runs in
the reverse direction, i.e. has a negative velocity, for the final 3.0s.

[T e e Ll

M e
‘—‘ H H | I:”:”:”:”:”:l

Rl ——

- «— > 4

(a)

4

Velocity (m s™)

Time (s)

FIGURE 3.3.5 Diagram and v-t graph for a girl running along an aisle.

The graph shows Aliyah’s velocity at each instant in time. She moves in a positive
direction with a constant speed of 3.00ms™! for the first 4.0s. From 4.0s to 6.0s,
she continues moving in a positive direction but slows down. At 6.0s, she comes to
a stop for 1.0s. During the final 3.0s, she accelerates in the negative direction for
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1.05s, then travels at a constant velocity of —=1.0ms™! for 1.0s. She then slows down
and comes to a stop at 10.0s. Remember that whenever the graph is below the time
axis, velocity is negative, which indicates travel in the reverse direction. So, she is
travelling in the reverse direction for the last 3.0s of her journey.

Finding displacement

A velocity—time graph can also be used to find the displacement of the object under
consideration, as shown in Figure 3.3.6.

O Displacement, s, is given by the area
under a velocity—time graph, i.e. the
area between the graph and the time
axis. It is important to note that an
area below the time axis indicates a
negative displacement, i.e. motion in a
negative direction.

area = displacement

v(ms™)

t(s)

FIGURE 3.3.6 The area under a v-t graph
gives displacement.

It is easier to see why the displacement is given by the area under the v—¢ graph
when velocity is constant. For example, the graph in Figure 3.3.7 shows that in
the first 6.0s of motion, Aliyah moves with a constant velocity of +3.0ms™! for
4.0s. Note that the area under the graph for this period of time is a rectangle. Her
displacement, s, during this time can be determined by rearranging the formula for
velocity: s

o= 4
Ss=uXAtL
s = height X base
s = area under v—t graph

Aliyah then slows from 3.0ms™! to zero in the next 2.0s. To understand why the
displacement for this period of time is given by the triangular area under the graph
requires more complicated mathematics known as calculus, which is beyond the

scope of this book.

3

) -3.0
2— area gradient= -~ =-1.5ms"

=+120m 2.0 .
= displacement = acceleration

Velocity (m s™)

I
4 5 6 7 8 9 10 11

—_
[\
L —

14 area=§><2.0><3.0
Sos=43.0m

Time (s)

FIGURE 3.3.7 Area values as shown in a v—t graph.

From Figure 3.3.7, the area under the graph for the first 4.0s gives Aliyah’s
displacement during this time, i.e. +12.0m. The displacement from 4.0s to 6.0s is
represented by the area of the darker blue triangle and is equal to +3 m. The total
displacement during the first 6s is (+12.0m) + (+ 3.0m) =+15.0m.
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Worked example 3.3.2
ANALYSING A VELOCITY-TIME GRAPH

The motion of a radio-controlled car initially travelling east across a driveway in a
straight line is represented by the graph below.

Velocity (m s™)

Time (s)

a What is the displacement of the car d

uring the first 4.0s?

Thinking Working

Displacement is the area

under the graph. You must
therefore find the area under ~ 6+
the graph for the period of 2 4]

8 -

quantity, so a direction is
needed.

time for which you want to g 5
calculate the displacement. ? =+16.0m area=-4.0m
9 0 -
As S = VAL, or s = At xv, g_z 7 8 9: Time (s)
the base, b, is At and the ]
height, h, is v. -4
Use s =b X h for squares and | The area from 0.0 to 4.0s is a triangle, so:
rectangles. 1
1 s=—(bxh
Use s :E(th) for triangles. 2( <h)
s = %(4.0)(+8.0)
s=+16.0m
Displacement is a vector displacement = 16.0m east

b What is the average velocity of the ca

r for the first 4.0s?

Thinking Working
Identify the equation and variables, S
and apply the sign convention. V= At
s=+16.0m
At=4.0s
Substitute values into the equation: v
s At
YT A ,_(+160)
4.0)
v =+4.0000
Velocity is a vector quantity, so a v=4.0ms"! east
direction is needed.
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Worked example: Try yourself 3.3.2
ANALYSING A VELOCITY-TIME GRAPH

Use the graph shown in Worked example 3.3.2 to answer the following questions.

a What is the displacement of the car from 4.0 to 6.0s?

b What is the average velocity of the car from 4.0 to 6.0s?
ACCELERATION FROM A VELOCITY-TIME (v-t) GRAPH

The acceleration of an object can also be found from a velocity—time graph, as
shown in Figure 3.3.8.

0 The gradient of a velocity—
time graph gives the average
acceleration of the object over the
time interval.

gradient = acceleration

|
|
|
|
| rise
|
|
|

v(ms™)

t(s)

FIGURE 3.3.8 Gradient as displayed in a
v—t graph.

Consider the motion of Aliyah in the 2.0s interval between 4.0s and 6.0s on the
graph in Figure 3.3.9. She is moving in a positive direction but slowing down from

3ms™! to rest.

3
-3.0
~ 2- area gradient = 20 =-15ms™
» =+120m : 4
\E, = displacement = acceleration
> 17
]
o
()
> 0 T I | \ : : |
o2 3 405 6 INB3 9 1o
-1 area =§><2.0x3.0
Sos=43.0m

Time (s)

FIGURE 3.3.9 Acceleration as displayed in a v-t graph.

The gradient of the line from = 4.0s to ;= 6.0s is equal to her acceleration, as:
gradient = Ao
At

Av -7 (0.0)-(3.0)

T A 2.0

Acceleration is the change in velocity divided by the period of time taken, which
is equal to the gradient of the v—¢ graph. As can be seen from Figure 3.3.9 and the
calculation above, the gradient of the line between 4.0s and 6.0s is —1.5ms™.

1.5ms™2
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Worked example 3.3.3
FINDING ACCELERATION USING A VELOCITY-TIME GRAPH

Consider the motion of the radio-controlled car described in Worked
example 3.3.2. The car initially travels east in a straight line across a

driveway as shown by the graph below.

Velocity (m s™)

Time (s)

What is the acceleration of the car during the first 4.0s?

Thinking

Acceleration is the gradient of a v—t
graph. Calculate the gradient using:
gradient = nse
run

a = gradient = Av
At

Working

gradient from 0.0 to 4.0s = %
Av

a=2v
At

P T
t—t

~ (4.0)-(0.0)
a=-2.0000

a=-20ms=2

Acceleration is a vector quantity, so
a direction is needed.

Note: In this case, the car is
moving in the easterly direction
and slowing down.

a=20ms2 west

Worked example: Try yourself 3.3.3

FINDING ACCELERATION USING A VELOCITY-TIME GRAPH

Use the graph shown in Worked example 3.3.3 to answer the following question.

What is the acceleration of the car during the period from 4.0 to 6.0s?
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DISTANCE TRAVELLED

A velocity—time graph can also be used to calculate the distance travelled by a
moving object. The process of determining distance requires you to calculate the
area under the v—t graph, as you would when calculating displacement. However,
since distance travelled by an object always increases as the object moves, regardless
of direction, you must add up all the areas between the graph and the time axis,
regardless of whether the area is above or below the axis.

For example, Figure 3.3.10 shows the velocity—time graph of the radio-controlled
car from Worked example 3.3.3. The area above the time-axis, which corresponds
to motion in the positive direction, is +16.0 m, while the area below the axis, which
corresponds to negative motion, consists of —4.0m and —12.0m. To calculate the
total displacement, you would add up each displacement:

total displacement s = (+16.0) + (—4.0) + (-12.0)

s=(+16.0) + (-16.0)
s=0.0m

To calculate the total distance, you would add up the magnitude of the areas,
ignoring whether they are positive or negative:

total distance d = (16.0) + (4.0) + (12.0)
d=32.0m

gradient =-2.0 m s

Velocity (m s™)
[\)
|

0 T T T >
1 7 8 5? Time (s)
g :
gradient =-2.0 m s area =-12.0m|
_4_ 1

FIGURE 3.3.10 Both distance and displacement can be calculated by using the areas under the
velocity—time graph.

Non-uniform acceleration

For motion with uniform (constant) acceleration, the velocity—time graph will be a
straight line. For non-uniform acceleration, the velocity—time graph will be curved.
If the velocity—time graph is curved, the instantaneous acceleration will be the
gradient of the tangent to the curve at the point of interest; the average acceleration
will be the gradient of the chord between two points. The displacement can still be
calculated by finding the area under the graph; however, you will need to make some
estimations.

PHYSICSFILE

Area under graphs

The calculation of the area under
a graph is useful in many areas of
physics.

Some examples include:

e power—time graphs, where the area
represents the energy used over that
period of time

e force—time graphs, where the area
represents the impulse or change in
momentum over a period time

e force—displacement graphs, where
the area represents the work done or
energy transferred while the forces
are acting.
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ACCELERATION-TIME (a-t) GRAPHS

An acceleration—time graph simply indicates the acceleration of the object as a
function of time. The area under an acceleration—time graph is found by multiplying
an acceleration, a, and the period of time, Az, over which the acceleration changes.
The area gives a change in velocity, Av, value:

area=Av=a X At

In order to establish the actual velocity of the object, its initial velocity must be
known. Figure 3.3.11 shows both Aliyah’s velocity versus time (v—f) and acceleration
versus time (a—f) graphs.

RS S

[ aeemes
s NN
nEal———

- +— > 4

4.0

3.0

2.0

1.0

0.0 T T T T I T Time (s)
1.0 2,0 3.0 40 50 6.0 7.0\80 9.010.0
-1.0

—2.0

Velocity (m s7)

1.5+

area=+1.0ms™!
1.0+

0.5

T T T I I Time (s)
1.0 2.0 30 40 50 60 70 80 9.0 10.0 11.0 12.0

Acceleration (m s2)
S
W
|

-1.0+
area=—-1.0ms"!
-1.54
area=-3.0ms"!
-2.0-

FIGURE 3.3.11 (a) Aliyah’s velocity versus time (v-t) graph. (b) Aliyah’s acceleration versus time (a—t)
graph.

From t,= 4.0 to t;= 6.0, the area under the a—t graph shows that Av=-3.0ms™!.
This indicates that she has slowed down by 3.0ms~! during this period of time.
Aliyah’s v—t graph confirms this fact. Her initial speed is 3.0ms™!, so she must be
stationary (v = 0) after 6.0s. This calculation could not be made without knowing
her initial velocity.
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Graphing in physics

Graphs in physics can be useful in solving problems as an alternative to using
equations. An advantage of graphs is that they give a quick and easy picture of
the relationship between the data that has been measured.

In this course, you will mainly analyse straight-line or linear graphs. A higher
level of mathematical skills is required to analyse non-linear graphs or curves.

Differentiation is used to find the gradients of curves, where the intervals of
change are infinitely small.

For a straight line, gradient="°¢ = &

run At
If you consider a curve to be a series of infinitesimally small straight lines,

then Ax and At are also extremely small. The gradient then becomes (;—)t(, where
the lower-case Greek letter delta, 8, denotes an infinitesimally small change.

This is often written as %, i.e. the derivative of x with respect to t.
dv

For a velocity-time graph, the gradient gives the acceleration—i.e. a = s

You have already seen that displacement can be found by calculating the area
under a velocity-time graph, for example by breaking up the area under the
graph into rectangles and triangles. Similarly, taking extremely small sections
and adding them all together again gives the area under a non-linear graph,
as shown in Figure 3.3.12. This is called integration, and for a curve given by a
function f(x) can be written as:

b
area = .[f(x)dx

So, for a velocity-time graph, finding the area under the graph gives you the
displacement:
&
S$= _"vdt

4

Jf )

y=f)

/

a Ax b X
FIGURE 3.3.12 The small areas are added together by integration.
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3.3 Review

SUMMARY

* A position-time (x-t) graph can be used to » The gradient of a velocity-time (v-t) graph is the
determine the location of an object at any given acceleration, a, of the object.
time. Additional information can also be derived » The area under a velocity-time (v—t) graph is the
from the graph: displacement, s, of the object.
- displacement, s, is given by the change in « The area under an acceleration-time graph (a-t) is

position of an object

- the velocity, v, of an object is given by the
gradient of the position-time graph

- if the position—-time graph is curved, the
gradient of the tangent at a point gives the
instantaneous velocity, v.

KEY QUESTIONS

1 Which of the following does the gradient of a position- 6
time graph represent?
A displacement

the change in velocity, Ay, of the object.

During its total 10.0s of motion, what was the car’s:
a distance travelled
b displacement?

B acceleration 7 The position-time graph for a cyclist travelling north
C time along a straight road is shown. Calculate the following
D velocity information about the cyclist's motion.
The following information relates to questions 2-6.
The graph represents the straight-line motion of a radio- 500 —
controlled toy car.
450 —
87 400
o7 350
g 4_ —~ o
= E 300
o 2+ c
= 2 250+
g 0 | | I T I | T I | g
1 2 3 4 5 6 7 8\9 10 o 200+
2
150 —
_4_
Time (s) 100
2 Describe the motion of the car in terms of its position. 50
3 Find out the position of the toy car after: 0 : r [ | I
a 2.0s 0 10 20 30 40 50
b 40s Time (s)
¢ 60s a What was the average speed of the cyclist during
d 100s. the first 30.0s?
4 When did the car return to its starting point? b What was the average velocity of the cyclist during
5 Calculate the velocity of the toy car: the final 10.0s?
a during the first 2.0s ¢ What was the average velocity of the cyclist for the
b at3.0s whole trip?
¢ fromt;=4.0stot;=8.0s
d at80s
e fromt;=8.0sto t;=9.0s.
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8 The graph in the figure below shows the motion of a 10 The straight-line motion of a high-speed train is shown

dog running along a footpath. in the graph below.
) A B C D E F 60
50
~ 27 2 40-
Tw ;>: 30
§ 15 é 20
= >
s 0 T T T T T — 107
g 1 2 3 4 5 6 7 8 9 10 0 T T T T T T T T T I
14 0 10 20 30 40 50 60 70 80 90 100 110 120
Time (s)
-2 i a How long does it take the train to reach its
Time (s) .
maximum speed?
a What is the magnitude of the acceleration of the b What is the acceleration of the train 10.0s after
dogatt=1.0s? starting?
b What is the magnitude of the acceleration of the ¢ What is the acceleration of the train 40.0s after
dogatt=5.0s? starting?
¢ What is the magnitude of the displacement of the d By counting squares, estimate the displacement of
dog for the first 7.0s? the train after 120.0s.

d What is the magnitude of the average velocity of the
dog over the first 7.0s?

9 The graph below shows the position of a motorbike
along a straight stretch of road as a function of time.
The motorcyclist starts 200.0 m north of a town.
500
400
300
200

100

Position (m)

0 T T T T T T
—-100
—200

Time (s)

Calculate the instantaneous velocity of the motorcyclist
at each of the following times:

a 150s

b 35.0s.
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3.4 Equations for uniform acceleration

A graph is an excellent way of representing motion as it provides a great deal of
information that is easy to visualise and interpret. However, a graph is time-consuming
to draw, and sometimes values can only be estimated rather than precisely calculated.

In the previous section, various graphs of motion were used to determine
quantities such as displacement, velocity and acceleration. This section examines a
more precise method of solving problems involving constant or uniform acceleration.
This method involves the use of a series of equations that can be derived from the
basic definitions developed earlier.

DERIVING THE EQUATIONS

Consider an object moving in a straight line with an initial velocity, v;, and a uniform
acceleration, a, for a time interval, Az. As the variables v;, v and a are vectors, and
the motion is limited to one dimension, the sign and direction convention of right
as positive and left as negative can be used. After a period of time, At, the object has
changed its velocity from an initial velocity of v; and is now travelling with a final
velocity of oy. Its acceleration will be given by:
Av_v-y
At k=G

If the initial time is 7 and the final time is ; then Az = #; — ;. The above equation
can then be rearranged as:

O Vi =V; + aAt (i)

The average velocity of the object is:
_5
At
When acceleration is uniform, average velocity, v,,, can also be found as the
average of the initial and final velocities:

vav

1
Vay = E(vi + vp)

This relationship is shown graphically in Figure 3.4.1.

10

average
velocity

Velocity (m s™)
W
|

Time (s)

FIGURE 3.4.1 Uniform acceleration as displayed by a vt graph.

By combining these two equations of average velocity, we get:

s 1
=5 (vt
. At 2
This gives:

0 s:%(vi+vf)At (ii)

84 UNIT 1 | MOTION, FORCES AND ENERGY



A graph describing constant acceleration motion is shown in Figure 3.4.2. For
constant acceleration, the velocity is increasing by the same amount in each time L R et it =
interval, so the gradient of the v—z graph is constant. The displacement, which is
equal to the area under the v—z graph, is given by the combined area of the rectangle
and the triangle:

area=s=s; +$;

1
s=(v; X AY) + = (v — 7)) X At g 1
2 o area = (v,—v)At
Vr— Y . ;J 2 L
Asa= then v — v;= aAt, and this can be - ——— )
substituted for vy — ; in the equation above to give: E
1 area = v,At e
s = (v; X A) + = (aAD) At ;
2 At l
1 0 '
s= (v, A1) + 5 aA? 0 Time t

FIGURE 3.4.2 The area under a v—t graph
1 broken up into a rectangle and a triangle.
@ s-vat+sanr (i) P & &

Another way to calculate the area under the graph is to use the large area (v;Ar)

and subtract the triangle component (5 aAr?). This will give you:

€ s-vat- %aAt2 (iv)

Rewriting equation (i) with Az as the subject gives:
Vr— Y
Al="g—
Now, if this is substituted into equation (ii):
1 .
s= 53 (vg— o)At (ii)

_‘Ui+‘vf Vf—

s= X
9 a
Multiplying the top line and bottom line gives:
2_ 2
U T Y
§=—
2a

Finally, transposing this gives:
0 v =v?+2as (v)

Equations (i) to (v) are commonly used to solve problems in which acceleration
is constant. They are summarised below.

0 v, =V, +aAt

s=%(v,+v|)At
1

= VAt + = aAt?

s=vAt+>a

s = VAt — %aAt2

v? =v}+2as

where s is the displacement (m)
v; is the initial velocity (ms™)
v¢ is the final velocity (ms™)
a is the acceleration (ms)
At is the time taken (s).
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SOLVING PROBLEMS USING EQUATIONS

When solving problems using these equations, it is important to think about the

problem and try to visualise what is happening. Follow the steps below.

Step 1 Draw a simple diagram of the situation.

Step 2 Write down the information that has been given in the question. You might
like to use the word ‘sifat’ as a memory prompt to help you remember the
list of variables in the order s, v}, v, @ and At. Use a sign convention to assign
positive and negative values to indicate directions. Convert all units to SI
form.

Step 3 Select the equation that matches your data. It should include three values

that you know, and the one value that you want to solve.

Step 4 Write your preliminary answer to five or six significant figures, which may

then be used in any subsequent questions, i.e. part (b), (c) etc. This will

help to reduce rounding errors in subsequent answers.

Step 5 Use the appropriate number of significant figures in your final answer. If

your answer is greater than 9999 or less than 0.001, provide your answer in

scientific notation.

Step 6 Include units with the final answer and specify a direction if the quantity is

a vector.

Worked example 3.4.1
USING THE EQUATIONS OF MOTION

A snowboarder in a race is travelling 10.0ms1 north as she crosses the finishing
line. She then decelerates uniformly, coming to a stop over a distance of 20.0m.

a Calculate her acceleration as she comes to a stop.

Thinking

Working

Write down the known quantities as
well as the quantity you are finding.
(The term ‘sifat’ may help you to recall
them.)

Apply the sign convention that north is
positive and south is negative.

Take all the information that you can
from the question:

« constant acceleration, so use
equations for uniform acceleration

» ‘coming to a stop’ means that the
final velocity is zero.

s=+20.0m
vi=+10.0ms!
vi=0.00ms!
=7
At=7

Identify the correct equation to use.

v? =v?+2as

Substitute known values into the
equation and solve for a.

v =v? +2as
B Vf2 _ v‘2
2s
(0.0 - (+10.0)
~ 2(+20.0)
_ (-100.0)
~ (+40.0)
a=-2.5000

Use the sign convention to state the
answer with its direction, units and the
correct number of significant figures.

a=250ms2south
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b How long does she take to come to a stop?

Thinking

Working

Write down the known quantities as
well as the quantity you are finding.
(The term ‘sifat’ may help you to recall
them.)

Apply the sign convention that north is
positive and south is negative.

Take all the information that you can

from the question:

e constant acceleration, so use
equations for uniform acceleration

» ‘coming to a stop’ means that the
final velocity is zero.

correct number of significant figures.

s=+20.0m
vi=+10.0ms!
vi=0.00ms!
a=-25000ms2
At=7
Identify the correct equation to use. V, =V, + aAt
Since you now know four values, any
equation involving At will work.
Substitute known values into the v, =V, +aAt
equation and solve for At. vo—v
At =-1—1
a
Af = (0.00)-(10.0)
(-2.5000)
At =4.0000s
State the answer with its units and the | At=4.00s

¢ What is the average velocity of the sno

wboarder as she comes to a stop?

Thinking

Working

Write down the known quantities

as well as the quantity that you are
finding.

Apply the sign convention that north is
positive and south is negative.

Take all the information that you can

from the question:

» constant acceleration, so we only
need to find the average of the final
and initial speeds.

v, =+10.0ms1
vi=0.00ms1

Vay =7

Identify the correct equation to use.

1
v, = E(vf +V,)

Substitute known values into the
equation and solve for v,,.

Include units with the answer.

V. = 1(vf +v))

av 2
v, = %(o.oo +10.0)
V,y = 5.0000

Use the sign convention to state the
answer with its direction, units and the

Vay = 5.00ms™! north

correct number of significant figures.

Worked example: Try yourself 3.4.1
USING THE EQUATIONS OF MOTION

A snowboarder in a race is travelling 15.5ms™! east as she crosses the finishing line.

She then decelerates uniformly until comi

ng to a stop over a distance of 30.0m.

a Calculate her acceleration as she comes to a stop.

b How long does she take to come to a stop?

¢ What is the average velocity of the sno

wboarder as she comes to a stop?
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3.4 Review

...................................................................................................

» The following equations can be used for situations
in which there is a constant acceleration, where:
s is the displacement (m)
v; is the initial velocity (ms1)

e
S = VAL + —aAt
' 2

s=VAt - laAt2
' 2

Al i
vt is the final velocity (ms™) Vi =V +2as
a is the acceleration (ms=2) vo=S kit
At is the period of time (s). BN 02

. V, =V +aAt
1
c s=§(v,+v,)At

KEY QUESTIONS

1 Acyclist has a uniform acceleration as they roll down

a hill. Their initial speed is 5.09ms™1. They travel a
distance of 32.5m and their final speed is 18.3ms™1.
Which equation should be used to determine their
acceleration?

A v, =v +aAt

Bs= %(vi +V,)At

C s=vAt+ %aAt2

D s=vAt- Laar
2
E v’ =v’+2as

A new-model hydrogen vehicle travels with a uniform

acceleration on a racetrack. It starts from rest and

covers 445m in 16.0s.

a Calculate the magnitude of its average acceleration
during this time.

b What is the final speed of the car in ms1?

¢ What is the car’s final speed in kmh-1?

An electric hybrid car starts from rest and accelerates

uniformly in a positive direction for 3.10s. It reaches a

final speed of 19.9ms™ 1.

a Calculate the magnitude of the acceleration of the
hybrid car.

b What is the magnitude of the average velocity of the
hybrid car during this time?

¢ What is the distance travelled by the hybrid car
during this time?

During its launch phase, a space rocket accelerates

uniformly from rest to 167 ms-! upwards in 4.02s,

then enters a constant speed phase of 167 ms-! for

the next 5.40s.

a Calculate the acceleration of the rocket in its initial
launch phase.

UNIT 1 | MOTION, FORCES AND ENERGY

A sign and direction convention for motion in one
dimension needs to be used with these equations.

b Calculate the combined distance (in km) the rocket
travels during both phases of the flight.

¢ What is the final speed of the rocket in kmh1?

d What is the average speed of the rocket during the
first 4.02s?

e What is the average speed of the rocket during the
total 9.42seconds of motion?

While overtaking another cyclist, Charlie increases

their speed uniformly from 4.12ms™! to 6.07 ms™1

east over a time interval of 0.508s.

a Calculate the magnitude of Charlie’s average
acceleration during this time.

b How far does Charlie travel while accelerating?

¢ What is Charlie’s average speed during this time?

A diver enters a diving pool headfirst while travelling at

18.0ms! downwards. The diver hits the water at

t;=0.00s and stops after a downwards displacement

of 4.06 m. Consider the diver to be a single point

located at their centre of mass and assume their

acceleration through the water to be uniform.

a What is the magnitude of the average acceleration
of the diver as the diver travels through the water?

b How long does the diver take to come to a stop?

¢ What is the velocity of the diver after they have
dived through 2.00m of water?



7 A caris travelling along a straight road at 75.0kmh-1
east. In an attempt to avoid an accident, the motorist
has to brake suddenly and stop the car.

a What is the car’s initial speed in ms™1?

b If the reaction time of the motorist is 0.254 s, what
is the displacement of the car before they are able
to apply the brakes?

¢ Once the brakes are applied, the car has an
acceleration of -6.70ms 2. How far does the car
travel while stopping?

d What is the total displacement of the car from the
time the driver first notices the danger to when
the car comes to a stop?

8 A billiard ball rolls from rest down a smooth ramp
that is 8.00m long. The acceleration of the ball is
constant at 2.60ms=2.

— %

\

4.00 m

8.00 m

a What is the velocity of the ball when it is halfway
down the ramp? '

b What is the final velocity of the ball at the bottom .

of the ramp? !

¢ How long does the ball take to roll the first ,
4.00m? .

d How long does the ball take to travel the final :
4.00m? :

9 A cyclist, Nolan, is travelling at a constant speed |
of 12.2ms™! when they pass a stationary bus. The |
bus starts moving just as Nolan passes, and it :
accelerates uniformly at 1.50ms=2, E

a When does the bus reach the same speed as !
Nolan? '

b How long does the bus take to catch Nolan? '

¢ What distance has Nolan travelled before the bus .
catches up? .
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FIGURE 3.5.1 A stroboscopic image of a free-
falling apple. The time elapsed between each
image of the apple is the same but the vertical
displacement increases during each period of
time, which shows the apple is accelerating.
Without air resistance, the two different mass

e e e

.

.

apples accelerate at the same rate.
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UNIT 1

3.5 Vertical motion

Until 500 years ago, it was widely believed that the heavier an object was, the faster
it would fall. This was the theory proposed by Aristotle, and it lasted for 2000 years
until the end of the Middle Ages. In the seventeenth century, the Italian scientist
Galileo conducted experiments that showed that the mass of the object did not
affect the rate at which it fell, as long as air resistance was not a factor.

It is now known that falling objects speed up because of gravity; however, many
people still think that objects with a greater mass fall faster than objects of a lesser
mass. This confusion often arises because they fail to consider the effects of air
resistance. This section examines the motion of falling objects..

ANALYSING VERTICAL MOTION

Some falling objects are affected by air resistance more than others; for example,
feathers and balloons. This is why these objects do not speed up much as they fall.
However, if air resistance can be ignored, all bodies in free fall near the Earth’s
surface will move with an equal downwards acceleration. The stroboscopic image
in Figure 3.5.1 clearly shows an apple accelerating as it falls, since the vertical
displacement of the apple between each photograph increases. In a vacuum, this
acceleration would be the same for a feather, a bowling ball, or any other object. The
mass of the object does not matter if air resistance is removed.

At the Earth’s surface, the acceleration due to gravity, g, is —9.80 ms~2, where the
negative sign indicates a downwards direction. The acceleration of a body due to
gravity is independent of its initial velocity and is the same whether the object has
been thrown vertically upwards or is falling vertically downwards.

For example, a coin that is dropped from rest at t = 0.00s will have an initial
velocity of 0.00ms™!. At ¢t = 1.00s it will be falling with a velocity of ~9.80ms™!
and at = 2.00s with a velocity of —19.6ms™!, and so on. As At increases with each
second, the coin’s velocity increases by —9.80ms™!. The motion of a falling coin is
illustrated in Figure 3.5.2.

However, if the coin was launched straight up at ¢ = 0.00s with an initial velocity
of +19.6ms!, then at ¢ = 1.00s its velocity would be +9.80ms™! and at ¢ = 2.00s its
velocity would be 0.00ms™!. In other words, with each second of the coin’s upwards
journey, its velocity would decrease by —9.80ms™!. At the instant in time the velocity
reaches 0.00ms™, the motion of the coin changes from upwards to downwards, which
means it would accelerate downwards as described in the previous paragraph. This
point in time also represents the time at which the coin reaches its maximum vertical
displacement. The motion of a coin thrown vertically upwards is shown in Figure 3.5.3.

So, regardless of whether the coin is falling vertically downwards or is flipped
vertically upwards, its speed changes at the same rate. The speed of the falling
coin increases by —9.80ms™! each second and the speed of the rising coin decreases
by —9.8ms™! each second. That means that the acceleration of the coin due to
gravity is —9.80 ms™% or 9.80 ms~2 downwards, in both cases.
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v, =0.00ms" Q ,=0.00s

y=-980ms"'
l @ t=1.00s

v,=19.6 ms™

t,.=2.00s

f

FIGURE 3.5.2 A falling coin.

Q 1,=2.00s

v,=0.00ms™

v=49.80ms"
T @ 1=1.00s

v,=+19.6 ms™

£,=0.00s

FIGURE 3.5.3 A coin thrown vertically upwards.

PHYSICSFILE

Galileo’s experiment carried
out on the Moon

In 1971, David Scott went to great lengths
to show that Galileo’s prediction was
correct. As an astronaut on the Apollo 15
Moon mission, he took a hammer and a
feather on the voyage. He stepped onto
the lunar surface, held the feather and
hammer at the same height and dropped
them together. As Galileo had predicted
400 years earlier, in the absence of any
air resistance, the two objects fell side
by side as they accelerated towards the
Moon's surface at exactly the same rate.

Popular physicist, musician and TV
presenter Professor Brian Cox repeated a
version of this experiment in the world’s
biggest vacuum chamber, the Space
Simulation Chamber at NASA's Space
Power Facility in Ohio. Professor Cox set
up a mechanist that would drop a bowling
ball and a feather at exactly the same
time. When the air was removed from the
chamber, they filmed the two different
masses accelerating for over 9 metres at
exactly the same rate.

FIGURE 3.5.4 Astronaut David Scott dropping a feather and a hammer on the Moon.
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| PHYSICS IN ACTION|

Theories of motion: Aristotle and Galileo

Aristotle was a Greek philosopher who lived in the fourth
century BCE. He was such an influential individual that his
ideas on motion were generally accepted for nearly 2000
years. Aristotle didn’t do experiments as we know them
today, but simply thought about different bodies in motion
to arrive at a plausible explanation for the way in which
they moved.

Aristotle spent a lot of time classifying different animals
and adopted a similar approach to his study of motion.
His theory gave inanimate objects, such as rocks and rain,
characteristics that were similar to living things. Aristotle
then organised these objects into four terrestrial groups
or elements: earth, water, air and fire (see Figure 3.5.5).
He said that any object was a mixture of these elements in
different proportions.

earth water

FIGURE 3.5.5 Aristotle’s four elements of the universe: earth, water, air
and fire.

According to Aristotle, a body would move because of
a tendency that could come from inside or outside of the
body. An internal tendency would cause ‘natural’ motion
and result in a body returning to its proper place. For
example, if a rock, which is an earth substance, is held in
the air and released, then its natural tendency would be to
return to the Earth, i.e. it falls to the ground. Similarly, fire
was thought to head upwards, to return to its proper place
in the universe, i.e. the Sun.

An external push that acts when something is thrown
or hit was the cause of ‘violent’ motion according to the
Aristotelian model. In other words, an external push acted to
take a body away from its proper place. For example, when
an apple is thrown into the air, a violent motion carries the
apple away from the Earth, but then the natural tendency of
the apple takes over and it returns to the ground.

Aristotle’s theory worked quite well and could be used to
explain the motion of many objects. However, there were
also many examples that it could not successfully explain,
such as why some solids floated while other solids sunk.

UNIT 1 | MOTION, FORCES AND ENERGY

Aristotle explained the behaviour of a falling body by
saying that its velocity depended on how much earth
element it contained. This suggested that a 2.00kg cat
would fall twice as fast and in half the time as a 1.00kg
cat dropped from the same height. Many centuries later,
Galileo Galilei (pictured in Figure 3.5.6) noticed that, at the
start of a hailstorm, small hailstones arrived at the same
time as large hailstones. This caused Galileo to doubt
Aristotle’s theory, and so he set about finding a better
explanation for the motion of freely falling bodies.

FIGURE 3.5.6 Galileo Galilei.

A famous story in science is that of Galileo dropping
different masses from the Leaning Tower of Pisa in Italy.
This story may or may not be true, but Galileo did perform
a very detailed analysis of falling bodies. Galileo used
inclined planes because freely falling bodies moved too
fast to analyse. He completed detailed experiments that
showed conclusively that Aristotle was in fact incorrect.

By using a water clock to time balls as they rolled from
rest down different inclines, he was able to show that the
balls were accelerating, and that the distance they travelled
was proportional to the square of the period of time, i.e.

d o At

Galileo found that this relationship also held true when
he inclined the plane at larger and larger angles, allowing
him to conclude that freely falling bodies actually fall with a
uniform acceleration.



Since the acceleration of a free-falling body is constant, it is appropriate to
use the equations that were studied in the previous section, under ‘Equations for
uniform acceleration’. It is necessary to specify whether up or down is positive when
doing these problems, though you can simply follow the mathematical convention
of regarding up as positive, which would mean the acceleration due to gravity would
always be —9.80ms2. The variable for uniform acceleration, a, in these equations
can be replaced by the variable for gravitational acceleration, g, in calculations
involving vertical motion.

Worked example 3.5.1
VERTICAL MOTION

A construction worker accidentally knocks a brick from a building so that it falls
vertically a distance of 47.0m to the ground. Use g = -9.80ms—2 and ignore air
resistance when answering these questions.

a How long does the brick take to fall halfway, to 23.5m?

PHYSICSFILE

Strength of gravity

The acceleration due to gravity, g, on
Earth varies slightly from the accepted
value of —=9.80 ms—2 depending on the
location. The reasons for this will be
studied in Unit 3 Physics. On the Moon,
the strength of gravity, g, is much
weaker than on Earth, which causes
falling objects to accelerate at the
much lower rate of —1.60 ms=2. Other
planets and bodies in the Solar System
have different values of g depending on
their mass and radius. The value of g at
various locations in the Solar System is
provided in Table 3.5.1.

Thinking Working
Write down the known quantities and The brick starts at rest, so:
the quantity that you need to find. s=-235m
(The term ‘sifat’ may help you to recall v =0.00ms!
them.)

. : . vi=7?ms!
Apply the sign convention that up is )
positive and down is negative. g=-9.80ms"

At=7?

Identify the correct equation for )
uniform acceleration to use, but S = VAt + §8At
substitute the a for g.

Substitute known values into the

equation and solve for At. (-23.5) = (0.00)At + %(—9-80)&2
Think about whether the value seems | (-23.5) = (-4.90)At?
reasonable.
_ [(=235)
| (-4.90)
At =2.18996
At=2.19s

b How long does the brick take to fall all the way to the ground?

Thinking Working

Write down the known quantities and s=—-47.0m
the quantity that you need to find. (The | . = 0.00ms!
term ‘sifat’ may help you to recall them.)

A ) . i Vi = m S_l
pp_l)_/ the sign con\_/entlon t_hat up is g=-980ms?2
positive and down is negative. o
At =1

Identify the correct equation for 1 )
uniform acceleration to use, but S=VAt+ EgM
substitute the a for g.

Substitute known values into the 1 )
equation and solve for t. (-47.0) = (0.00)At + E(—9-80)At

Think about whether the value seems | (47 0) = (-4.90)At

reasonable. (<47.0)
Notice that the brick takes 2.19s to At = (—4.90)
travel the first 23.5m and only 0.91s Af = 3.09707

more to travel the final 23.5m. This is
because it is accelerating. At=3.10s

TABLE 3.5.1 Acceleration due to gravity at
different locations on Earth, and on other
bodies in the Solar System.

Location Acceleration due to
gravity (ms2)

Perth -9.794
South Pole -9.832
Equator -9.780
Moon —-1.600
Mars —-3.600
Jupiter —24.600
Pluto -0.670

In Unit 2 Physics you can assume that
acceleration due to gravity is always
-9.80ms=2.
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¢ What is the final velocity of the brick as it hits the ground?

Thinking Working

Write down the known quantities and s=-470m
the quantity that you need to find. v,=0.00ms!
(The term ‘sifat’ may help you to recall V=7 msl
them.) >
Apply the sign convention that up is g=-980ms
positive and down is negative. At=3.09707s
Identify the correct equation to use. vV, =V, + gAt

Since you now know four values, any
equation involving v will work, but
substitute the a for g.

Substitute the known values into the v, = (0.00) + (-9.80)(3.09707)

equation and solve for vs. v, =-30.3513
Think about whether the value seems vi=30.4ms!
reasonable.

Use the sign and direction convention v=30.4ms"! downwards
to describe the direction of the final
velocity.

Worked example: Try yourself 3.5.1
VERTICAL MOTION

A construction worker accidentally knocks a hammer from a building so that it falls
vertically a distance of 60.0m to the ground. Use g = -9.80ms=2 and ignore air
resistance when answering these questions.

a How long does the hammer take to fall halfway, to 30.0 m?

b How long does it take the hammer to fall all the way to the ground?

¢ What is the velocity of the hammer as it hits the ground?

Remember that when an object is thrown vertically up into the air, it will
eventually reach a point where its velocity is zero for an instant in time, but not
for any period of time, before returning back down. So, the vertical velocity of the
object decreases as the object rises, is zero at the instant it achieves its maximum
height, and then increases vertically downwards as the object falls. Throughout this
motion, however, the object is still in the same gravitational field, so g remains at
—9.80m s~2. Knowing that the velocity of an object thrown into the air is zero at the
top of its flight allows you to calculate the maximum height reached.

Worked example 3.5.2
MAXIMUM HEIGHT PROBLEMS

On winning a tennis match the victorious player, Corey, smashes the ball vertically
into the air at 27.5ms. In the following questions ignore air resistance and use
g=-980ms=2,
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a Determine the maximum height reached by the ball.

Apply the sign convention that up is
positive and down is negative.

Thinking Working

Write down the known quantities and s=?m

the quantity that you need to find. 3 o
(The term ‘sifat’ may help you to recall Vi =+27.5ms
them.) v, =0.00ms™
At the maximum height the velocity is g=-9.80ms™
zero. At =7

Identify the correct equation to use,
but substitute the a for g.

2 2
v =V +28s

Substitute known values into the
equation and solve for s.

_ v —v?
="
s (0.00)* — (+27.5)
2(-9.80)
s =+38.5841
s =+38.6m

i.e. the ball reaches a height of 38.6m
above the racquet.

b Calculate the time that the ball takes to return to its starting position.

Thinking

Working

To work out the time the ball is in the
air, first calculate the time it takes to

v, =+27.5ms™

reach its maximum height. v, =0.00ms™
Write down the known quantities and g=-9.80ms™>
the quantity that you need to find. s =385481m
At =7
Identify the correct equation to use, v, =V +gAt
but substitute the a for g.
Substitute known values into the v, -V,
equation and solve for At. At = g
Af = (0.00) - (+27.5)
(-9.80)

At =2.80612 to maximum height
At =2.80612 to return to the racquet

total At =5.61224
total At =5.61s

Worked example: Try yourself 3.5.2

MAXIMUM HEIGHT PROBLEMS

On winning a cricket match, a fielder throws a cricket ball vertically into the air at

15.5msL. In the following questions, ignore air resistance and use g =-9.80ms=2.

a Determine the maximum height reached by the ball.

b Calculate the time that the ball takes to return to its starting position.
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3.5 Review

» If air resistance can be ignored, all bodies falling
freely near the Earth will move with the same
constant acceleration.

» The acceleration due to gravity is represented
by g and is equal to —-9.80ms2 if the direction
towards the centre of the Earth is considered to be
negative.

KEY QUESTIONS

1

1

1

1

1

1

1

1

. For these questions, ignore the effects of air resistance and
. assume that the acceleration due to gravity is -9.80ms2
. unless instructed otherwise.

. 1 Aballis thrown into the air. Describe how the velocity
: of the ball changes when it leaves the hand up until
E the instant before it hits the hand again.
2 Angus inadvertently drops an egg while baking a cake,
! and the egg falls vertically towards the ground. Which
! one of the following statements correctly describes
: how the egg falls?

' A The egg’s acceleration increases.

: B The egg’s acceleration is constant.

: C The egg’s velocity is constant.

E D The egg’s acceleration decreases.

' 3 Yvette is an Olympic trampolinist and is practising

! some routines. Which one or more of the following

! statements correctly describes Yvette's motion at

! the instant she is at the highest point of the bounce?

! Assume that her motion is vertical.

: A She has zero velocity.

' B Her acceleration is zero.

: C Her acceleration is upwards and downwards.

: D Her acceleration is always downwards.

E 4 A window cleaner working on the Bell tower accidently
! drops her mobile phone. The phone falls vertically

1

1

1

1

1

1

1

1

1

towards the ground with an acceleration of -9.80ms=2,

a Determine the velocity of the phone after 3.04s.

b How fast is the phone moving after it has fallen
30.0m?

¢ What is the average velocity of the phone during a
fall of 30.0m?
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The equations for uniform acceleration can

be used to solve vertical motion problems by
substituting the variable a, for the constant g. It is
necessary to specify and use a sign convention,
such as up is positive and down is negative.

A person tosses a marble straight up into the air at
5.18 ms™! and then catches it at the same height from
which it was thrown. Ignore air resistance.

a |Is the acceleration of the marble on the way up the
same as, less than, or greater than, its acceleration
on the way down? Justify your answer.

b Is the magnitude of the launch velocity of the
marble the same as, less than or greater than the
magnitude of its landing velocity? Justify your
answer.

A rubber ball is bounced off a concrete floor so that

it travels straight up into the air, reaching its highest

point after 1.58s.

a What is the initial velocity of the rubber ball just as
it leaves the ground?

b What is the maximum height reached by the ball?

A book is knocked off a bench and falls vertically to

the floor. If the book takes 0.400s to fall to the floor,

calculate the following descriptions of its motion.

a What is the book’s velocity the instant before it
lands?

b From what height did the book fall?

¢ How far did the book fall during the first 0.200s?

d How far did the book fall during the final 0.200s?

Jet the labrador is playing with a new toy. When Jet

drops a tennis ball into a launcher, it shoots the ball

into the air for him to catch. The ball travels vertically
upwards into the air. Being a very clever dog, Jet
notices that the ball takes 4.08s to return to its
starting position.

a How long does the tennis ball take to reach its
maximum height?

b Calculate the velocity of the ball the instant it left
the launcher.

¢ What was the maximum height reached by the
tennis ball?

d What was the velocity of the ball as it returned to its
starting point?



9

10

Two physics students conduct the following experiment

from a very high bridge. Asuka drops a 1.57 kg shot

put from a vertical height of 60.0m and, at exactly the

same time, Jordan throws a 109 g mass with an initial

downwards velocity of 10.0ms! from a point 10.0m

above Asuka.

a How long does it take Asuka’s shotput to reach the
ground?

b How long does it take Jordan’'s 109 g mass to reach
the ground?

At the start of a football match, the umpire bounces
the ball off a rubber plate so that it travels vertically
upwards and reaches a height of 15.0m.

a How long does the ball take to reach this maximum
height?

b One of the players is able to leap and reach to a
height of 4.00m with their hand. How long after the
bounce should this player try to make contact with
the ball as it is on its way down?

11 A stone is held out over the edge of a seaside cliff and

thrown vertically upwards at t, = 0.00s with an initial

velocity of 8.00ms!" It lands in the sea below at

t; = 3.00s. Calculate:

a the maximum height above the top of cliff reached
by the stone if it left the thrower’s hand 1.90m
above the level of the cliff

b the time taken by the stone to reach its maximum
height

¢ the height of the cliff above the sea.
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Chapter review

KEY TERMS

acceleration dimensional analysis position
air resistance displacement speed
centre of mass distance travelled velocity
change in position free fall

change in velocity magnitude

For the following questions, ignore air resistance and use
g =-9.80ms=2 unless indicated otherwise. 500
1 Acartravels at 95.0kmh-! along a freeway. What is its 400
speed in ms1? 300+
2 A cyclist travels at 15.3ms™! during a sprint finish. g 200
What is this speed in kmh-1? 5
The following information relates to questions 3 and 4. '§ 100
An athlete in training for a marathon runs 15.4km north & 0 i i i i i |
along a straight road before realising that they have e 10 20 30 40 50 60
dropped their drink bottle. The athlete turns around and
runs back 5.7 km to find the bottle, then resumes running —200
in the original direction. After running for 3.00 hours, the Time (s)
athlete reaches 20.2 km from their original starting position a At what time interval is the motorcyclist travelling in
and stops. a northerly direction?
3 Calculate the average speed of the athlete in kmh™". b At what time interval is the motorcyclist travelling in
4 Calculate the average velocity in: a southerly direction?
a kmh-l ¢ At what time intervals is the motorcyclist stationary?
b ms d At what time is the motorcyclist passing back
5 A ping pong ball is falling vertically at -6.00ms! as it through the intersection?
hits the floor. It rebounds at +4.50ms™! up. What is its 9 For each of the activities below, indicate which of the
change in speed during the bounce? following velocity-time graphs best represents the
6 A caris moving in a positive direction. It approaches motion involved.
a red light and slows down. Which of the following , A ’ B ’ C

statements correctly describes its acceleration and

velocity as it slows down?

A The car has positive acceleration and negative
velocity.

B The car has negative acceleration and positive velocity.

C Both the velocity and acceleration of the car are
positive.

D E
D Both the velocity and acceleration of the car are ’ Y
negative.
7 A skier is travelling along a horizontal ski run at a speed
of 15.6ms~L. After falling over, the skier takes 2.55s to
t t

t t t

come to rest. Calculate the average acceleration of the
skier as they stop.

8 The followi