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How to use this book

Welcome to your Edexcel AS/A level Physics course. In this book you will find a number of features
designed to support your learning.

Chapter openers

Each chapter starts by setting the context for that
chapter’s learning:

» Links to other areas of Physics are shown, including
previous knowledge that is built on in the chapter,
and future learning that you will cover later in your
course.

LR Optics

» The All the maths you need checklist helps you to
know what maths skills will be required.

Main content

The main part of each chapter covers all the points
from the specification that you need to learn. The text
is supported by diagrams and photos that will help you
understand the concepts.

Within each section, you will find the following features:

» Learning objectives at the beginning of each
section, highlighting what you need to know and
understand.

» Key definitions shown in bold and collated at the
end of each section for easy reference.

» Worked examples showing you how to work
through questions, and how your calculations should
be set out.

» Investigations provide a summary of practical
experiments that explore key concepts.

» Learning tips to help you focus your learning and
avoid common errors.

» Did you know? boxes featuring interesting facts to
help you remember the key concepts.

» Working as a Physicist icons highlight key —
sections that develop your skills as a scientist If@
and relate to the Working as a Physicist .
section of the specification.

» Questions to help you check whether you have
understood what you have just read, and whether
there is anything that you need to look at again.



How to use this book .

Thinking Bigger

At the end of each chapter there is an opportunity to
read and work with real-life research and writing
about science. The timeline at the bottom of the
spreads highlights which other chapters the material
relates to. These spreads will help you to:

« read real-life material that's relevant to
YOur course

« analyse how scientists write

« think critically and consider the issues

« develop your own writing

+ understand how different aspects of your
learning piece together.

Exam-style questions T Tl

At the end of each chapter there are also
exam-style questions to help you to:

« test how fully you have understood the learning T = _

« practise for your exams, 3% et

[t A e Pt ) : el

Getting the most from your online ActiveBook

This book comes with 3 years' access to ActiveBook™® — an online, digital version of your textbook.
Follow the instructions printed on the inside front cover to start using your ActiveBool

Your ActiveBook is the perfect way to personalise your learning as you progress through your
Edexcel AS/A level Physics course. You can:

« access your content online, anytime, anywhere

« use the inbuilt highlighting and annotation tools to personalise the content and make it really
relevant to you

« search the content quickly using the index.

Highlight tool
Use this to pick out key terms or topics so you are ready and prepared for revision.

Annotations tool
Use this to add your own notes, for example links to your wider reading, such as websites or other
files. Or make a note to remind yourself about work that you need to do.

*For new purchases only. If this access code has already been revealed, it may no longer be valid. If you have bought
this textbook secondhand, the code may already be used by the first owner of the book.



Working as a Physicist

Working as a Physicist is a key feature of the Edexcel Physics AS and A level specification. Throughout your study of physics, you
will develop knowledge and understanding of what it means to work scientifically, including the ways in which the scientific
community functions and how society as a whole uses scientific ideas. Additionally, you will develop confidence in key
scientific skills, such as manipulating quantities and units and making estimates.

These skills have been integrated into the approach of this course, so that they will naturally develop as you learn. To help you / P
think about where these skills apply, we have placed a alongside any content which specifically covers the Working as a
Physicist skills listed in the specification.

At the end of each chapter in this book, there is a spread entitled Thinking Bigger. These spreads are based broadly on the
content of the chapter just completed, but they will also draw on your prior learning from earlier in the course or from GCSE
and point towards future learning and less familiar contexts. By working through these spreads, you will:

read real-life scientific writing in a variety of contexts and aimed at different audiences
develop an understanding of how the professional scientific community functions

learn to think critically about the nature of what you have read and understand the issues, problems and challenges that
may be raised

gain practice in communicating information and ideas in an appropriate scientific way
apply your knowledge and understanding to unfamiliar contexts.

You will also gain scientific skills through the hands-on practical work that forms an essential part of your course. As well as
understanding the experimental methods of the practicals, it is important that you develop the skills necessary to plan experiments
and analyse and evaluate data. Not only are these very important scientific skills, but they will be assessed in your examinations.

Recognise and make use of appropriate units in calculations (e.g. knowing the difference between base and derived units)

Estimate results (e.g. estimating what change there will be to the magnification of a lens system as it is moved closer to the
object being viewed)

Make order of magnitude calculations (e.g. estimating approximately what an answer should be before you start calculating,
including using standard form)

Use algebra to rearrange and solve equations (e.g. finding the landing point of a projectile)

Recognise the importance of the straight line graph as an analysis tool for the verification and development of physical laws
by experimentation (e.g. choosing appropriate variables to plot to generate a straight line graph with experimental data)

Determine the slope and intercept of a linear graph (e.g. finding acceleration from a velocity-time graph)
Calculate the area under the line on a graph (e.g. finding the energy stored in a stretched wire)

Use geometry and trigonometry (e.g. finding components of vectors)



What have | studied before?

Planning and safely carrying out experiments to
collect scientific data

Analysing data and evaluating the validity and
reliability of the methods of data collection
Making logical conclusions based on the balance
of reliable data collected

Communicating scientific methods, conclusions
and arguments using technical and mathematical
language

Consideration of the implications, including

benefits and risks, of scientific and technological
developments

= What will | study later?

« Practical skills and techniques for some key
physics experiments

+ How to communicate information and ideas in
appropriate ways using appropriate terminology

L, W
The implications of science and their associated i E

Understanding how society uses scientific
knowledge to make decisions about the
implementation of technological developments

benefits and risks

+ The role of the scientific community in validating
new knowledge and ensuring integrity

Understanding of how scientific ideas change k
over time, and the systems in place to validate / « The ways in which society uses science to inform
these changes f decision making

quantities and their 5l units

+ How to estimate values for physical quantities and
use these estimates to solve problems

_ I What will | study in this chapter?
L « The distinction between base and derived

F

2
£ | |

-



By the end of this section, you should be able to...

® understand the distinction between base and derived
quantities

® understand the idea of a fixed system of units, and explain
the 5| system

Base and derived quantities

fig A The international standard kilogram, officially known as the International
Prototype Kilogram, is made from a mixture of platinum and iridium and
is held at the Bureau International des Poids et Mesures in Paris. All ather
masses are defined by comparing with this metal cylinder.

Some measurements we make are of fundamental qualities of
things in the Universe. For example, the length of a pencil is

a fundamental property of the object. Compare this with the
pencil’s speed if you drop it. To give a value to the speed, we

have to consider a distance moved, and the rate of motion over
that distance — we also need to measure time and then perform

a calculation. You can see that there is a fundamental difference
between the types of quantity that are length and speed. We call
the length a base unit, whilst the speed is a derived unit. At
present, the international scientific community uses seven base
units, and from these all other units are derived. Some derived
units have their own names. For example, the derived unit of force
should be kg m s72, but this has been named the newton (N). Other
derived units do not get their own name, and we just list the base
units that went together in deriving the quantity. For example,
speed is measured in ms™%

10

Basic quantity Unit name Unit symbol
hass kilogram kg
Time second 5
Length metre m
Electric current ampere A
Termperature kelvin K
Amount of substance mole mol
Lurminous intensity candela cd

table A The base units.

The choice of which quantities are the base ones is somewhat a
matter of arbitrary choice. The scientists who meet to determine
the standard unit system have chosen these seven. You might
think that electric current is not a fundamental property, as it

is the rate of moverment of charge. So it could be derived from
measuring charge and time. However, scientists had to pick what
was fundamental and they chose current. This means that electric
charge is a derived quantity found by multiplying current passing
for a given time.

Sl units

For each of the base units, a meeting held every four or six years
of the General Conference on Weights and Measures, under

the authority of the Bureau International des Poids et Mesures
in Paris, either alters the definition, or ratifies continuing with

the current definitions. As we learn more and more about the
Universe, these definitions are gradually moving towards the
fundamental constants of nature.

The current definition of each of the seven base units is listed
below:

+ The kilogram is the unit of mass: it is equal to the mass of the
international prototype of the kilogram.

» The second is the duration of 9 192631 770 periods of the
radiation corresponding to the transition between the
two hyperfine levels of the ground state of the caesium-133
atorm.

+ The metre is the length of the path travelled by light in vacuum
1
209792 458

+ The ampere is that constant current which, if maintained in
two straight parallel conductors of infinite length, of negligible
circular cross-section, and placed 1 m apart in vacuum, would
produce between these conductors a force equal to 2 x 1077
newton per metre of length.

during a time interval of of asecond.

» The kelvin, unit of thermodynamic temperature, is the fraction

2?5} T of the thermodynamic temperature of the triple point

of water,



« The mole is the amount of substance of a system which
contains as many elementary entities as there are atorns in
0.012 kg of carbon-12. (When the mole is used, the elementary
entities must be specified and may be atoms, molecules,
ions, electrons, other particles or specified groups of such
particles.)

« The candela is the luminous intensity, in a given direction, of
a source that emits monochromatic radiation of frequency
540 x 10'% hertz and that has a radiant intensity in that

. 1 :
direction of Ga3 vatt per steradian.

fig B A standard metre, made to be exactly the length that light could travel in
1/259 792 458 of a second.

Learning tip

‘Metrology’ is the study of the science of measurement, and ‘metrics’
refers to ways of standardising measuring techniques.

Derived units

In table B you will see many of the derived units that we will
study in this book, but this is only a list of those that have their
OWTL name.

Derived ‘ Unit name ‘ Unit symbol Base units
quantity equivalent
Force newton M kgms~
Energy (work) joule J kgm?s?
Power watt W kg mts
Frequency hertz Hz 3
Charge coulomb C As
Voltage volt W kgm?s? A
resistance ohm 0 kgm?s A2

table B Some well known derived units.

Working as a Physicist

Power prefixes

Sometimes the values we have to work with for some quantities
mean that the numbers involved are extremely large or small.
For exarmple, the average distance from the Earth to the Sun,
measured in metres, is 150 000 000 000 m. Scientists have
developed a system for abbreviating such large values by adding
a prefix to the unit which tells us that it has been multiplied by a
very large or very small amount. In our Earth orbit example, the
distance is equivalent to 150 billion metres, and the prefix giga-
means rltiply by a billion. So the Earth-Sun distance becomes
150 gigametres, or 150 Gim.

Factor | Name ‘Symbul| Factor | Name |Symbn|

10! deca- da 101 deci- d
10° hecto- h 1072 centi- @
109 kilo- k 104 milli- m
108 mega- M 106 micro- T
107 giga- G 10° nano- n
T tera- T gl pico- p
101 peta- P 10-1° femto- f
1 exa- E 10718 atta- a
1071 zetta- i 107 zepto-

108 yotta- Y 11 yocto- y

table C Prefixes used with S units.

1 From table B:

(a) Pick any quantity that you have studied before and explain how
it can have the base unit equivalent shown.

(b) All of the derived quantity units are named after scientists.
What is slightly strange about the way the unit names are
written compared with their abbreviations?

2 Write the following in standard form:
(2) 9.2GW
(b) 43mm
(c) 6400km
(d) 44ns.

3 Write the following using an appropriate prefix and unit symbol:
a) 3600000 joules

b) 31536000 seconds

c) 10 millionths of an ampere

(
(
(
(d) 105000 hertz.

11
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Estimation

By the end of this section, you should be able to...
@ estimate values for physical quantities

@ use your estimates to solve problems

Order of magnitude

In physics it can be very helpful to be able to make approximate
estimates of values to within an order of magnitude. This means
that the power of ten of your estimate is the same as the true
value. For example, you are the same height as the ceiling in your
classroom, if we consider the order of magnitude. The ceiling
may be twice your height, but it would need to be ten times bigger
to reach the next order of magnitude.

This is made clearer if we express all values in standard form and
then compare the power of ten. You are likely to be a thousand
times taller than an ant, so we would say you are three orders of
magnitude larger

typical ant height 2mm =2 x 10 m
typical human height: 2Zm =2 % 10°m

fig A You are three orders of magnitude taller than an ant.

In many situations, physicists are not interested in specific
answers, as circumstances can vary slightly and then the specific
answer is incorrect. An order of magnitude answer will always
be correct, unless you change the initial conditions by more

than an order of magnitude. So a physicist could easily answer
the question "What is the top speed of a car? because we don't
really want to know the exact true value. To give an exact answer
would depend on knowing the model of car, and the weather and
road conditions being considered, and this answer would only be

correct for that car on that day. By estimating important quantities,

like a typical mass for cars, we can get an approximate — order

of magnitude — answer. The reason for doing so would be that it
allows us to develop ideas as possible or impossible, and focus
on developing the ideas along lines that will eventually be feasible
when we get to developing a specific solution. This reduces time

12

and money wasted by pursuing ideas that can never be realised.
It is also vital in quickly spotting when we have miscalculated

the answer to a question. If we used a sophisticated equation

to calculate the answer to the top speed of a particular car in
particular conditions, and the answer came out as 300 000 metres
per second, we should immediately know that the answer is
incorrect, and re-check the calculation.

Order of magnitude Typical object

scale

1210 m Size of the solar system
1=10"m Size of Earth's orbit around the Sun
1x108m Size of Moon's orbit around Earth
1x10°m Diameter of Manchester
1%10"m Human height
1x102m Ant height

1x10%m Biological cell diameter
1210%m Wavelength of ultraviolet light
1=10"m Diameter of an atom
1x10¥m Diameter of an atomic nucleus

table A Examples of object scales changing with powers of ten.

Fermi questions

fig B Enrico Fermi was cne of the developers of both nuclear reactors and
nuclear bombs, along with ather work on particle physics, quantum
physics and statistical mechanics, He was awarded the 1938 Mobel Prize
for Physics for the discovery of new radioactive elements and induced
radioactivity.



Enrico Fermi was an [talian physicist who lived from 1901 to
1954. He was a pioneer in championing the power of estimation.
What have become known as Fermi questions are seemingly
specific questions, to which only an order of magnitude answer

is expected. [t is cormmon for the question to appear improbably
difficult, in that we do not have nearly enough information to work
out the answer During a nuclear bomb test in 1945, at a distance
of about ten miles, Fermi estimated the strength of the explosion
by dropping some pieces of paper as the blast reached him. His
answer was about 50% of that later calculated using sophisticated
mathematics and detailed measurements. This is typical of the
sort of accuracy of answer we are looking for with an estimate —
he was correct to the nearest order of magnitude.

My Observations During the Exp#@e."on at ‘
Trinityon July 16, 1945 - E Fermi l

About 40 seconds after the expfasar‘oﬂ the air
blast reached me. | tried to estimate its

strength by dropping from about six feet

small pieces of paper before, during, and after
the passage of the blast wave. Since, at the
time, there was no wind | could observe very
distinctly and actually measure the
displacement of the pieces of paper that
were in the process of falling while the blast
was passing. The shift was about 2 meters,
which, at the time, | estimated to correspond
to the blast that would be produced by ten
thousand tons of TN.T.

I =

==

fig € An impressive estimation of the strength of a nuclear bomb, based on
very little real data.

The trick is for you to work out what steps would need to be taken
to reach the answer, if any information you asked for could be
made available. Then, where we don't have all the data needed,
make an educated estimate for the numbers missing. Making
sensible assumptions is the key to solving Fermi questions.

Working as a Physicist

%

Probably the most famous example of a Fermi question was this
challenge to a class:

'How many piano tuners are there in Chicago?

The only piece of information he provided was that the population
of Chicago was 3 million.

Step 1: How many pianos in Chicago?
If each household is 4 people, then there are:
3000000 _ 750,000 households

If one household in ten owns a piano, then there are:
750000
10
Step 2: How many pianos per piano tuner?

= 75000 pianos

Assume each piano needs tuning once annually, Further assume a
piano tuner works 200 days a year, and can service 4 pianos a day.
Each tuner can service: 200 x 4 = 800 pianos.

Step 3: How many tuners?

Each piano tuner can deal with 800 pianos, and there are 75 000
75000
800

Your answer to Fermi would be There are 100 piano tuners in
Chicago. This is not expected to be the exactly correct answer, but
it will be correct to order of magnitude. We would not expect to
find that Chicago has only 10 piano tuners, and it would be very
surprising if there were 1000

pianos in total. So there are: = 94 piano tuners.

1 Givean order of magnitude estimate for the following quantities:
a) the height of a giraffe
b} the mass of an apple

(
(
(c) the reaction time of a human
(d) the diameter of a planet

(

e) the temperature in this room.

2 Answer the following Fermi questions, showing all the steps and the
assumptions and estimates you make.

a) How many tennis balls would fit into Winchester Cathedral?

b} How many atoms are there in your body?

(
(
(c) How many drops of water are there in the English Channel?
(d) In your lifetime, how much will you earn in total?

(

e) How many Fermi questions could Enrico Fermi have answered
whilst flying from Rome to New York?

13
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. How could we calculate how fast a plane is flying, in what direction it is going and how long it will

take to reach a certain destination? If you were a pilot, how would you know what force to make

the engines produce and where to direct that force so your plane moves to your destination?
There is an amazing number of calculations that need to be done to enable a successful flight, but the basis
on which all of it is worked out is simple mechanics.

This chapter explains the multiple movements of objects. It looks at how movement can be described and
recorded, and then moves on to explaining why movement happens. It covers velocity and acceleration,
including how to calculate these in different situations.

We only consider objects moving at speeds that could be encountered in everyday life. At these speeds
(much less than the speed of light) Sir Isaac Newton succinctly described three laws of motion. With
knowledge of basic geometry, we can identify aspects of movement in each dimension.

MNewton's laws of motion have been constantly under test by scientists ever since he published them in
1687. Within the constraints established by Einstein in the early twentieth century, Newton's laws have
always correctly described the relationships between data collected. You may have a chance to confirm
Newton's laws in experiments of your own. With modern ICT recording of data, the reliability of such
experiments is now much improved over traditional methods.

All the maths you need

+ Units of measurement (e.g. the newton, N

+ Using Pythagoras' theorem, and the angle sum of a triangle (e.g. finding a resultant vector)
+ Using sin, cos and tan in physical problems (e.g. resolving vectors)
Using angles in regular 2D structures (e.g. interpreting force diagrams to solve problems)
Changing the subject of an equation (e.g. re-arranging the SUVAT equations)
Substituting numerical values into algebraic equations (e.g. calculating the acceleration)

Plotting two variables from experimental or other data, understanding that y = mx + ¢ represents a
linear relationship and determining the slope of a linear graph (e.g. verifying Newton's second law
experimentally)

Estimating, by graphical methods as appropriate, the area between a curve and the x-axis and realising
the physical significance of the area that has been determined (e.g. using a speed-time graph)

Do — —

L o
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What will | study later?

Kinetic energy and gravitational potential energy

What have | studied before?

Using a stopwatch to measure times

Interconverting gravitational potential and kinetic
energy

Measuring and calculating the speed of objects Wearkand power

Momentum and the principle of conservation

Gravity making things fall down, and giving ¢ ;
of momentum

them weight

Measuring forces, calculating resultant forces i s oyement

The motion of objects as a result of forces acting Fluid movements and terminal velocity b

on them The meaning and calculation of impulse (A level)

What will | study in this chapter?

The definitions of and eguations for: speed,
distance, displacement, time, velocity,
acceleration

Graphs of motion over time

The classification of scalars and vectors

Adding and resolving vectors

Newton's laws of motion

Kinematics eguations

Moments (turning forces)




Velocity and acceleration

By the end of this section, you should be able to...

@ explain the distinction between scalar and vector quantities

@ distinguish between speed and velocity and define acceleration

@ calculate values using equations for velocity and acceleration

fig A Charlene Thomas has
accelerated to a high speed.

Learningtip
The upper case symbol for the
Greek letter delta, A, is used
mathematically to mean a
change in a quantity. For
example, As means the change
in the displacement of an
object, to be used here to
calculate its velocity.
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Maovement is fundamental to the functioning of our universe. Whether you are running to catch a
bus or want to calculate the speed needed for a rocket to travel to Mars or the kinetic energy of an
electron in an X-ray machine, you need to be able to work out how fast things are moving.

Rate of movement

One of the simplest things we can measure is how fast an object is moving. You can calculate an

object’s speed if you know the amount of time taken to move a certain distance:
distance (m
speed (ms) = 7{)
time (s)

V=

o

However, the calculation for speed will only tell you how fast an object is moving. Often it is also
vitally important to know in what direction this movement is taking the object. When you include
the direction in the information about the rate of movement of an object, this is then known as the
velocity. So, the velocity is the rate of change of displacement, where the distance in a particular
direction is called the ‘displacement’.

) displacement (m]
VE|GEI1.!,‘ (ms)= W

V=

OR V=

5
T
As
At

fig B The displacement due narth is anly 75 m, whilst the actual distance this athlete has run is 300 m.
50 the velocity due narth is much less than the actual speed.

Scalars and vectors

A quantity for which the direction must be stated is known as a vector. If direction is not important,
the measurement is referred to as a scalar quantity. Therefore, velocity is a vector and speed is a
scalar; distance is a scalar and displacerment is a vector,

Scalar and vector quantities are not limited to measurements related to movement. Every measured
quantity can be classified as needing to include the direction (vector, e.g. force) or as being
sufficiently stated by its magnitude only (scalar, e.g. mass).



Learning tip

Vector notation means that vectors are written in bold type to
distinguish them from scalar variables.

Average and instantaneous speed

In most journeys, it is unlikely that speed will rernain constant
throughout. As part of her training programme, the athlete in

fig A wants to keep a record of her speed for all races. From rest,
before the starting gun starts the race, she accelerates to a top
speed. However, the race timing will be made from start to finish,
and so it is most useful to calculate an average speed over the
whole race. Average speed is calculated by dividing the total
distance for a journey by the total time for the journey. Thus it
averages out the slower and faster parts of the journey, and even
includes stops.

Instantaneous speed can be an important quantity, and we will
look at how to measure it in the next topic.

fig € Mast speed checks look at instantaneous speed, but CCTV allows police
to menitor average speed over a lang distance.

Acceleration

Acceleration is defined as the rate of change of velocity
Therefore, it must include the direction in which the speed is
changing, and so acceleration is a vector quantity. The equation

defining acceleration is:
change in velocity (ms™)

acceleration (ms?) =
{ ) time taken to change the velocity (s)

_v=u
Tt
a=4v
At

where u is the initial velocity and v is the final velocity.

OR

The vector nature of acceleration is very important. One of the
consequences is that if an object changes only the direction of
its velocity, it is accelerating, whilst remaining at a constant speed.
Similarly, deceleration represents a negative change in velocity,
and so could be quoted as a negative acceleration.

1 Theathletein fig A has taken 36 seconds from the start to reach the
300 m mark as shown. Calculate:

(a) her average speed during this 36 seconds
(b} her average velocity due north during this 36 seconds

(c) her average velocity due east during this 36 seconds.

2 Adriverina car travelling at about 25 mph (40.2 km h™') sees a cat
run onto the road ahead.

(a) Convert40.2kmh"into a speed inms-".
(b} The car travels 16.5 m whilst the driver is reacting to the danger.
What is his reaction time?

(c) The car comes to a stop in 2.5s. What is its deceleration?

3 An electron in an X-ray machine is accelerated from rest to half the
speed of light in 1.7 x 10" s. Calculate:

(a) the speed the electron reaches in m s

(b} the acceleration the electron experiences.

Learning tip

Whilst accelerations can (very briefly) be extraordinarily high, like
that for the electron in question 3(b}, no speed or velocity can ever
be greater than the speed of light, which is 3 x 10*ms™". If you
calculate a speed that is higher than this, check your calculation
again as it must be wrong.

Key definitions
Speed is the rate of change of distance.
distance (m)

time (s)

speed (ms) =

V=

|

Velocity is the rate of change of displacement.
displacement (m)
time (s)

velocity (ms™) =

E

5 J
v=- 0OR v=—
t At

Displacement is the vector measurement of distance in a certain
direction.

A vector quantity must have both magnitude and direction.
A scalar quantity has only magnitude.
Average speed is calculated by dividing the total distance for a
journey by the total time for the journey:
total distance (m)
total time (s)

Instantaneous speed is the speed at any particular instant in time on
a journey, which can be found from the gradient of the tangent to a
distance-time graph (see Section 2.1.2) at that time.

Acceleration is the vector defined as the rate of change of velocity.
change in velocity (ms™)

average speed (ms™') =

acceleration (ms%) =
( ) time taken to change the velocity (s)
V= Wiy o= Y

a=
t At
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Motion graphs

By the end of this section, you should be able to...

@ interpret displacement-time graphs, velocity-time graphs
and acceleration-time graphs

@ make calculations from these graphs

@ understand the graphical representations of accelerated motion

One of the best ways to understand the movements of an object
whilst on a journey is to plot a graph of the position of the object
over time. Such a graph is known as a displacement-time
graph. A velocity-time graph will also provide detail about the
movements involved. A velocity-time graph can be produced from
direct measurements of the velocity or generated from calculations
made using the displacement-time graph.

Displacement-time graphs

If we imagine a boating trip on a river, we could monitor the
location of the boat over the hour that it has been rented for
and plot the displacement—time graph for these movements.
Depending on what information we want the graph to offer, it is
often simpler to draw a distance-time graph in which the
direction of movement is ignored.

The graphs shown in fig A are examples of plotting position
against time, and show how a distance—time graph cannot
decrease with time. A displacement-time graph could have parts
of it in the negative portions of the y-axis, if the movernent went
in the opposite direction at some points in time.

Distance-time graph

The simplest thing we could find from these graphs is how far

an object has moved in a certain time. For example, in fig A,
both the graphs show that in the first 15 minutes the boat moved
150 m. Looking at the time from 40 to 48 minutes, both show that
the boat travelled 120 m, but the displacement—time graph is in
the negative region of the y-axis, showing the boat was moving
downriver from the starting point — the opposite direction to the
places it had been in the first 40 minutes.

During the period from 20 to 25 minutes, both graphs have a flat
line at a constant value, showing no change in the distance or
displacernent. This means the boat was not moving — a flat line on
a distance-time (d—1) graph means the object is stationary. From
20 to 25 minutes on the velocity-time (v—:) graph of this journey
(see fig B) the line would be at a velocity of 0ms™".

Speed and velocity from d-t graphs

The gradient of the d-t graphs in fig A will tell us how fast the
boat was moving. Gradient is found from the ratio of changes in
the y-axis divided by the corresponding change on the x-axis, so:
for a distance—time graph:
distance (m)

= d -1
ey T PeLImE)

gradient =
V= ?
for a displacement—time graph:

; displacement (m)
gradient=——————

v=28
At

e = velocity (ms™)

Displacement-time graph

Distance Displacement
/m goo /m 200+
500+ & 1504
(b}
§s
400+ 2 1004
300 504
ZDD' 0 T T T T
1 20 30 4 20 D Time
/minutes
100 —501
o
=
0 : : . : . — ; —100+
0 10 20 30 40 50 60 Time =
/minutes is
— 1504

fig A A comparison of the displacement-time graph of the beating trip up and down a river with its corresponding distance-time graph.

18



For example, the first 15 minutes of the boating trip in fig A
represents a time of 900 seconds. In this time, the boat travelled
150 m. Its velocity is:

_As 150

= =—= -1 J
V= 0.167 ms™" upriver

Velocity-time graphs

A velocity—time graph will show the velocity of an object over
time. We calculated that the velocity of the boat on the river was
0.167 m s~ ! upriver for the first 15 minutes of the journey. Looking
at the graph in fig B, you can see that the line is constant at
+0.167 ms™! for the first 15 minutes.

Also notice that the velocity axis includes negative values, so that
the difference between travelling upriver (positive y-axis values)
and downriver (negative y-axis values) can be represented.

Velocity/ms™*
0.21
0.1+
0.0 H Time
) 1o —oe e st et g /minutes

_D_l_

_Dz_

fig B Velocity-time graph of the boating trip.

Acceleration from v-t graphs
Acceleration is defined as the rate of change in velocity.

In order to calculate the gradient of the line on a vt graph,
we must divide a change in velocity by the corresponding
time difference. This exactly matches with the equation for
acceleration:

Av_v-u

gradient=——=

= acceleration
At t

For example, between 15 and 20 minutes on the graphs, the boat
slows evenly to a stop. The acceleration here can be calculated as
the gradient:

o Av_v-u_0-0167  -0167 _ -3
gradlent-ﬁt- TR T, 300 0.0006 ms

So the acceleration is: ¢ = —0.6 X 107*ms~%

Distance travelled from v-t graphs

Speed is defined as the rate of change in distance:
d

V=?

d=vxt

As the axes on the v—t graph represent velocity and time, an area
on the graph represents the multiplication of velocity % time,
which gives distance. So to find the distance travelled from a v
graph, find the area between the line and the x-axis.

Velocity/ms™!

0.2

0.1

Time

0.0 Jminutes

30 40 50 60

_[}1_

_DE_

fig C In the first 15 minutes (300 seconds) the distance travelled by the boat
maving at 0.167 ms' is given by the area between the line and the »-
axissd=wx t=0167 x 200 =150m.

If we are only interested in finding the distance moved, this also
works for a negative velocity You find the area from the line up to
the time axis. This idea will still work for a changing velocity. Find
the area under the line and you have found the distance travelled.
For exarmple, from 0 to 20 minutes, the area under the line, all the
way down to the x-axis, is a trapezium, so we need to find that
area. To calculate the whole distance travelled in the journey for
the first 40 minutes, we would have to find the areas under the
four separate stages (0-15 minutes; 15-20 minutes; 20-25
minutes; and 25-40 minutes) and then add these four answers
together.
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Questions

Investigation

Finding the acceleration due to
gravity by multiflash photography
Using a multiflash photography
technique, or a video recording that

.I Describe in as much detail as you can, including calculated values,
what happens in the bicycle journey shown on the d-t graph

can be played back frame by frame, in fig F.
we can observe the falling motion of 60
a small object such as a marble. We
need to know the time between 50+ &
frames.
From each image of the falling ‘E o
@
object, measure the distance it has 2 1304
fallen from the scale in the picture. 2
A carefully drawn distance-time o 20
graph will show a curve as the
object accelerates. From this curve, 104 B C
take regular measurements of the A
gradient by drawing tangents to the o p Wuliflash nhotozraph: 0
curve. These gradients show the = allows us tol-" captﬁrel::r; 0 10 20 30 40
instantaneous speed at each point accelerating movement of an Time/s
on the curve. ogject falling unaer gravity fig F Distance-time graph of a bike journey.

Plotting these speeds on a velocity-time graph should show a straight

line, as the acceleration due to gravity is a constant value. The gradient 2 Describe in as much detail as you can, including calculated values,
of the line on this v-t graph will be the acceleration due to gravity, g. what happens in the car journey shown on the v-t graph in fig G.

15
Acceleration-time graphs

These graphs show how the acceleration of an object changes
over time. In many instances the acceleration is zero or a constant
value, in which case an acceleration—time {a—) graph is likely to
be of relatively little interest. For example, the object falling in

our investigation above will be accelerated by gravity throughout. 5
Assuming it is relatively small, air resistance will be negligible, and

the @t graph of its motion would be a horizontal line at

a=-981ms % Compare this with your results to see how 0

T T T T
realistic it is to ignore air resistance. 0 10 20 30 40 50
Time/s

A B C D

For a larger object falling for a long period, such as a skydiver,
then the acceleration will change over time as the air resistance
increases with speed. The weight of a skydiver is constant, so
the resultant force will be decreasing throughout, meaning that
the acceleration will also reduce (see Section 1.1.5). The curve
would look like that in fig E.

fig G “elocity-time graph of a car journey.

3 From fig B, calculate the distance travelled by the boat from
40 to 60 minutes.

Learning tip

a/ms™ Remember that the gradient of a distance-time graph represents
0 3 1 5 J0 25 30 t/s speed or velocity, so if the line is curved, the changing gradient
indicates a changing speed, which you can describe as the same as
—21 the changes in gradient.
_4_

Key definitions
—61 A displacement-time graph is a graph showing the positions visited
on a journey, with displacement on the y-axis and time on the x-axis.

— 81 A velocity-time graph is a graph showing the velocities on a
journey, with velocity on the y-axis and time on the x-axis.

fig E Acceleration-time graph for a skydiver,

See Section 4.1.4 for more details on falling objects and terminal
velocity.
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Adding forces

By the end of this section, you should be able to...
@ add two or more vectors by drawing

® add two perpendicular vectors by calculation

Forces are vectars. This means that measuring their magnitude is
important, but equally important is knowing the direction in which
they act. In order to calculate the overall effect of multiple forces
acting on the same object, we can use vector addition to work out
the resultant force. This resultant force can be considered as a
single force that has the same effect as all the individual forces
combined.

Adding forces in the same line

If two or more forces are acting along the same line, then
combining them is simply a case of adding or subtracting their
magnitudes depending on their directions.

fmjﬂ;l-m >

b
» 11N
TN —— ﬂ — % 4N resultant

fig A Adding forces in the same line requires a consideration of their
comparative directions.

» 18N resultant

Adding perpendicular forces

The effect on an object of two forces that are acting at right
angles (perpendicular) to each other will be the vector sum
of their individual effects. We need to add the sizes with
consideration for the directions in order to find the resultant.

fig B These two rughy players are each putting a force on their opponent. The
forces are at right angles, so the overall effect would be to move him in a
third direction, which we could calculate.

Magnitude of the resultant force

To calculate the resultant magnitude of two perpendicular forces,
we can draw them, one after the other, as the two sides of a
right-angled triangle and use Pythagoras’ theorem to calculate the
size of the hypotenuse.

Resultant = 130N
TON

S

110N b

fig € The resultant force here is calculated using Pythagoras’ theorem:
F=y(70¢+ 110 = 130N

Direction of the resultant force

As forces are vectors, when we find a resultant force it must have
both magnitude and direction. For perpendicular forces (vectors),
trigonometry will determine the direction.

Resultant = 130N

TON
>
110N
fig D The resultant force here is at an angle up from the horizontal of:
@ =tan '{-.'-’.5-}] =327
Learning tip

Always take care to state where the angle for a vector’s direction is
measured. For example, in fig D, the angle should be stated as 32° up
from the horizontal. This is most easily expressed on a diagram of the
situation, where you draw in the angle.

Adding two non-perpendicular forces

The geometry of perpendicular vectors makes the calculation of
the resultant simple. We can find the resultant of any two vectors
by drawing one after the other, and then the resultant will be the
third side of the triangle from the start of the first one to the end
of the second one. A scale drawing of the vector triangle will
allow measurement of the size and direction of the resultant.

fig E The resultant force here can be found by scale drawing of the two forces,
and then measurement of the resultant on the drawing using a ruler and
a protractor.
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fig G Free-body force diagram of a
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rugby player (red circle). The
forces from the tacklers are
marked on as force arrows.

The parallelogram rule

There is another method for finding the resultant of two non-perpendicular forces (or vectors) by
scale drawing, which can be easier to use. This is called the parallelogram rule. Draw the two vectors
to scale — at the correct angle and scaled so their length represents the magnitude — starting from
the same point. Then draw the same two vectors again parallel to the original ones, so that they form
a parallelogram, as shown in fig F. The resultant force (or vector) will be the diagonal across the
parallelograrm from the starting point.

Hypotenuse

________________________

'|
450N <l

fig F Finding the resultant vectar using the parallelogram rule.

Learning tip

The vector addition rules shown on these pages work for all vectors, not just forces. They are useful only
for co-planar vectors, which means vectors that are in the same plane. If we have more than two vectors
that are in more than one plane, add two vectors together first, in their plane, and then add the resultant
to the next force using these rules again. Keep doing this until all the vectors have been added in.

Free-body force diagrams

If we clarify what forces are acting on an object, it can be simpler to calculate how it will move. To do
this, we usually draw a free-body force diagram, which has the object isolated, and all the forces that
act on it drawn in at the points where they act. Forces acting on other objects, and those other objects,
are not drawn. For example, fig G could be said to be a free-body force diagram of the rugby player
being tackled in fig B, and this would lead us to draw fig C and fig D to make our resultant calculations.

T Work out the resultant force on a toy car if it has the following forces acting on it:
* rubber band motor driving forwards 8.4 N
« airresistance 0.5 N
+ friction 5.8N
» child’s hand pushing forward 10 N.

2 As a small plane takes off, the lift force on it is 6000 N vertically upwards, whilst the thrust is 2800 N
horizontally forwards. What is the resultant of these forces on the plane?

3 Drawa free- body force diagram of yourself sitting on your chair.

4 (a) Draw the scale diagram of fig E, and work out what the resultant force would be.
(b) Use the parallelogram rule, as in fig F, to check your answer to part (a).

5 Inorderto try and recover a car stuck in a muddy field, two tractors pull on it. The first acts at an angle of
20° left of the forwards direction with a force of 2250 N. The second acts 15° to the right of the forwards
direction with a force of 2000 N. Draw a scale diagram of the situation and find the resultant force on the
stuck car.

Key definitions
Resultant force is the total force (vector sum) acting on a body when all the forces acting are added
together accounting for their directions.

A free-body force diagram of an object has the object isolated, and all the forces that act on it are drawn
in at the points where they act, using arrows to represent the forces.



Moments

By the end of this section, you should be able to...
@ calculate the moment of a force
® apply the principle of moments

@ find the centre of gravity of an object

Forces on an object could act so that the object does not start to
move along, but instead rotates about a fixed pivot. If the object is
fixed so that it cannot rotate, it will bend.

Moment of a force

pivot point
distance, x

fig A A force acts on a beam fixed at a point. The moment of a force causes
rotation ar, in this case, bending.

The tendency to cause rotation is called the moment of a force.
It is calculated from:
moment (Mm) = force (N) * perpendicular distance from the pivot
to the line of action of the force (m)
moment = Fx

centre
of mass axis of

rotation

weight F :
weight F

fig B The calculation of moment only cansiders the perpendicular distance
between the line of action of the farce and the axis of rotation, through
the pivat paint. When free to rotate, a body will turn in the direction of
any net mement.

Principle of moments

fig € Balanced moments create an equilibrium situation.

If we add up all the forces acting on an object and the resultant
force, accounting for their directions, is zero, then the object will
be in equilibrium. Therefore it will remain stationary or, if it

is already moving, it will carry on moving at the same velocity.
The object could keep a constant velocity, but if the moments
on it are not also balanced, it could be made to start rotating.
The principle of moments tells us that if the total of all the
moments trying to turn an object clockwise is equal to the total
of all moments trying to turn an object anticlockwise, then it
will be in rotational equilibrium. This means it will either rernain
stationary, or if it is already rotating it will continue at the same
speed in the same direction.

X X,

= —

3

fig D As the metre-long beam is balanced, the sum of all the clockwise
moments must equal the sum of all the anticlockwise moments.
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In fig D, we can work out the weight of the beam if we know all the other weights and distances. The
beam is uniform, so its weight will act from its centre. The length of the beam is 100 cm. So if %, = 20 cm,
then x, must be 30 cm, and x, = 80 cm. The dincsaur (W,) weighs 5.8 N and the toy

car's weight (W5) is 0.95 N.

In equilibrium, principle of moments:
sum of clockwise moments = sum of anticlockwise moments
Whx, = W + Wax,
5.8 x 0.20 = W, x 0.30 + 0.95 x 0.80

~ 1.16 - (0.76)
°7 030
w,n = 1.3N

Learning tip

In order to calculate the sum of the moments in either direction, each individual moment must be
calculated first and these individual moments then added together. The weights and/or distances cannot
be added together and this answer used to calculate some sort of combined moment.

Centre of gravity

The weight of an object is caused by the gravitational attraction between the Earth and each particle
contained within the object. The sum of all these tiny weight forces appears to act from a single
point for any object, and this point is called the centre of gravity. For a symmetrical object, we

can calculate the position of its centre of gravity. as it must lie on every line of symmetry. The point
of intersection of all lines of symmetry will be the centre of gravity. Fig E illustrates this with
two-dimensional shapes, but the idea can be extended into three dimensions. For example, the centre
of gravity of a sphere is at the sphere’s centre.

There are equal amounts of
centre of gravity mass each side of this line.

]

There are equal
amounts of mass
The centre of graﬁnty of each side of this line.
a circle is in the middle.

There are equal amounts

of mass all around this point.

fig E The centre of gravity of a symmetrical abject lies at the intersection of all lines of syrmetry.

There are equal
amounts of mass
each side of this line.

mha--

The centre of gravity
is nearer to the base
of the triangle.

Learning tip
You can consider the terms ‘centre of gravity’ and ‘centre of mass’ to mean the same thing. They are
identical for objects that are small compared to the size of the Earth.

Irregular objects

The centre of gravity of an irregularly shaped object will still follow the rule that it is the point at
which its weight appears to act on the object. A Bunsen burner, for example, has a heavy base,

and so the centre of gravity is low down near that concentration of mass, as there will be a greater
attraction by the Earth's gravity to this large mass.
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centre of gravity

g | centre of gravity
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fig F Balancing a broom on its centre of gravity. fig & Finding the centre of gravity of an irregular rod (broom).

Investigation

Finding the centre of mass of an irregular rod

In this investigation, we use the principle of moments to find the centre of gravity of a broom. As it is nota
symmetrical object, the location of the centre of gravity is not easy to determine just by looking at the
broom. With the extra mass at the brush head end, the centre of gravity will be nearer that end.

If you can balance the broom on a knife edge, then the centre of gravity must lie above the knife edge.

As the perpendicular distance from the line of action to the weight is zero, the moment is zero so the
broom sits in equilibrium.

You will probably find it difficult to balance the broom exactly, so you can use an alternative method. First
you measure the mass of the broom (M) using a digital balance. Then you use a set of hanging masses (of
mass m) to balance the broom more in the middle of the handle, as in fig G. When the broom is balanced,
you measure the distance (d) from the hanging masses to the pivot). You calculate the distance (x) from
the pivot to the centre of gravity of the broom using the principle of moments:

clockwise moment = anticlockwise moment

mg x d = Mg * x
o i
M

Mote: Do not get into the habit of using only the mass in moments calculations, as the definition is force
times distance. It just happens that in this case g cancels on each side.

T whatis the moment of a 252 N force acting on a solid object at a perpendicular distance of 1.74 m from
an axis of rotation of the object?

2 Achild and her father are playing on a seesaw. They are exactly balanced when the girl (mass 46 kg) sits at
the end of the seesaw, 2.75 m from the pivot. If her father weighs 824 N, how far is he from the pivot?

3 The weight of the exercise book in the left-hand picture in fig B causes a rotation so it moves towards the
second position. Explain why it does not continue rotating but comes to rest in the position of the second
picture.

4 ifthe same set-up as shown in fig D was used again, but the toy car was replaced with a banana weighing
1.4 N, find out where the banana would have to be positioned for the beam to balance - calculate the
New X;.

Key definitions

A body is in equilibrium if there is zero resultant force and zero resultant moment. It will have zero
acceleration.

The principle of moments states that a body will be in equilibrium if the sum of clockwise moments
acting on it is equal to the sum of the anticlockwise moments.

An object’s centre of gravity is the point through which the weight of an object appears to act.
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Newton's laws of motion

By the end of this section, you should be able to...

@ recall Newton's laws of motion and use them to explain the acceleration of objects

@ make calculations using Newton's second law of motion

@ identify pairs of forces involved in Newton's third law of motion

fig B A stationary object will not
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move unless it is acted upon
by a resultant force.

Sir Isaac Newton was an exceptional thinker and scientist. His influence over science in the West
is still enormous, despite the fact that he lived from 1642 to 1727. Probably his most famous
contribution to science was the development of three simple laws governing the movement of
objects subject to forces.

fig A lsaac Mewton was an MP and Master of the Royal Mint in addition to being a professor at Cambridge University
and President of the Royal Saciety. He is buried in Westminster Abbey.

Newton's first law of motion

If an object is stationary there needs to be a resultant force on it to make it move. We saw how to
calculate resultant forces in Section 2.1.3. If the object is already moving then it will continue at the
same speed in the same direction unless a resultant force acts on it. If there is no resultant force on
an object — either because there is zero force acting or all the forces balance out — then the object’s
motion is unaffected.

Newton'’s second law of motion

This law tells us how much an object’s motion will be changed by a resultant force. For an object with
constant mass, it is usually written mathematically:

2F=ma

resultant force (M) = mass (kg) > acceleration (ms™)
For example, this relationship allows us to calculate the acceleration due to gravity (g) if we measure
the force (F) accelerating a mass (m) downwards.

F=ma=mg

F
9=m
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fig E Graph of results from the second investigation into Newton's second law.
The x-axis represents the derived data of "1/mass, so the straight best-fit line
shows that acceleration is inversely proportional to mass. Mate that there
is no need for a graph to start at the origin: chocse axes scales that will best
show the pattern in the data by making the points fill the graph paper.

i
trolley in motion

fig € Experimental set-up for investigating the relationship between F, mand a. . . . : . .
it B P Experimental verification of Newton's second law is well

You can use the set-up shown in fig C, or a similar experiment on an established. The investigation shown in fig C demonstrates that:
air track, to measure the acceleration for various values of the P 12

resultant force acting on the trolley whilst you keep its mass constant L

(table A). By plotting a graph of acceleration against resultant force,

a straight line will show that acceleration is proportional to the Learning tip

resultant force. You could also plot a graph for varying masses of

; Straight-line graphs
trolley whilst you keep the resultant force constant (table B).

Physicists are always trying to arrange their experimental data into

Force/N | Acceleration/m 52 grap!'ns tha_lt produce a straight t?est-ﬁt Iine._This proves a linear _
relationship between the experimental variables, and can also give

0.1 0.20 us numerical information about the quantities involved.

0.2 0.40 The equation for a straight line is:

0.3 0.60 y=mx+c

04 0.80 'm' in the equation is the gradient of the straight line, and ‘¢’ is the

05 1.00 value on the y-axis where the line crosses it, known as the y-intercept.

0.6 120 If we plot experimental data on a graph and get a straight best-fit

line, then this proves the quantities we plotted on x and y have a
linear relationship. It is referred to as ‘'directly proportional’ (or
simply ‘proportional’) only if the line also passes through the origin,

table A Values of acceleration for different forces acting on a trolley.

Mass/kg | Acceleration/ms™? meaning that ¢ = 0.

0.5 1.00 The graphs in fig D and fig E demonstrate experimental verification
0.8 0.83 of Newton's second law. In each case, the third variable in the

0.7 0.71 equation was kept constant as a control variable. For example, in

3 5 fig D the straight best-fit line, showing that y = x, proves thata = F,
08 063 and the gradient of the best-fit line would represent the reciprocal of
089 0.55 the mass that was accelerated and was kept constant throughout, as
10 050 a control variable. In this example ¢ = 0, which means that the

_ _ _ proportional relationships are simple:
table B Values of acceleration resulting from an applied force of 0.5 N

when the mass of the trolley is varied. L= TX
a=—
- s m
@ 4 As both the above equations represent the graph in fig D, it follows
.E that the gradient, m, equals the reciprocal of the mass, 1/m. It is just
_E 0.81 coincidence that the symbol ‘m’ for gradient, and ‘m’ for mass are the
@ 061 same letter in this example.
]
! 0.41 Note that graphs in physics are causal relationships. In fig D, the
< 0.2 acceleration is caused by the force. It is very rare in physics that a graph
0 I I I ! would represent a statistical correlation, and so phrases such as ‘positive

0 01 02 03 04 05 06 correlation’ do not correctly describe graphs of physics experiments.

Force/N Similarly, it is very rare that a graph of a physics experiment would
fig D Graph of results from the first investigation into MNewton's be correctly drawn if the points are joined 'dot-to-dot’ In most cases
second law. Acceleration is directly proportional to force. a best-fit line should be drawn, as has been done in fig E.
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fig F \When the boot puts a force on
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the football, the football causes
an equal and opposite farce
on the boot. The footballer can
feel the kick because they feel
the reaction force from the ball
on their toe.

Newton's third law of motion

‘When an object A causes a force on another object B, then object B causes an equal force in the
opposite direction to act upon object A. For example, when a skateboarder pushes off from a

wall, they exert a force on the wall with their hand. At the same time, the wall exerts a force on the
skateboarder's hand. This equal and opposite reaction force is what they can feel with the sense of
touch, and as the skateboard has very low friction, the wall’s push on them causes acceleration away
from the wall. As the wall is connected to the Earth, the Earth and wall combination will accelerate in
the opposite direction. The Earth has such a large mass that its acceleration is imperceptible. That's
Newton's second law again: acceleration is inversely proportional to mass; huge mass means tiny
acceleration.

Learning tip

Identifying Newton's third law of force pairs can confuse people. To find the two forces, remember they
must always act on different objects, and must always have the same cause. In fig F, it is the mutual
repulsion of electrons in the atoms of the football and the boot that cause the action and reaction.

1 In terms of Newton's laws of motion:

(a) Explain why this book will sit stationary on a table.

(b) Describe and explain what will happen if your hands then put an upwards force on the book that is
greater than its weight.

(c) Explain why you feel the book when your hands put that upwards force on it.

2 (a) Calculate the gradient of the best-fit line on the graph in fig D and thus work out the mass of the
trolley that was accelerated in the first investigation.

(b) State what quantity the gradient of the line on the graph in fig E represents. Calculate the value of that
quantity.

3 Calculate the acceleration in each of the following cases:
(a) A mass of 12.0 kg experiences a resultant force of 785 N.
(b) Aforce of 222 N acts on a 3.1 kg mass.
(c) A 2.0kg bunch of bananas is dropped. The bunch weighs 19.6 N.
(

d) During a tackle, two footballers kick a stationary ball at the same time, with forces acting in
opposite directions. One kick has a force of 210 N, the other has a force of 287 N. The mass of the
football is 430 g.

Key definitions
Newton's first law of motion:

An object will remain at rest, or in a state of uniform motion, until acted upon by a resultant force.

MNewton's second law of motion:

If an object’s mass is constant, the resultant force needed to cause an acceleration is given by the equation:
YF=ma

MNewton's third law of motion:

For every action, there is an equal and opposite reaction.



Kinematics equations

By the end of this section, you should be able to...
@ recall the simple kinematics equations

® calculate unknown variables using the kinematics equations

Kinematics is the study of the movement of objects. We can use
equations, commonly known as the SUVAT equations, to find out
details about the motion of objects accelerating in one dimension.

fig A Kinematics is the study of the description of the mation of objects. The
equations could be used to make calculations about the stane falling
through the air, and separately about its motion through the water. The
acceleration in air and in water will be different as the resultant force
acting in each will be different.

Zero acceleration

If an object has no resultant force acting on it then it does not
accelerate. This iz uniform motion. In this situation, calculations
on its motion are very easy, as they simply involve the basic speed
equation:

5‘:?

The velocity is the sarme at the beginning and end of the motion,
and if we need to find the displacement travelled, it is a simple
case of multiplying velocity by time:

s=vwxt

Constant acceleration

There are equations that allow us to work out the motion of an
object that is moving with a constant acceleration. They are often
called the SUVAT equations because of the variables involved,
and the first step is to define those five variables:

s — displacement (m)

u — initial velocity (ms™')
v — final velocity (ms™)
a — acceleration (ms™)

t — time (s)

Each equation uses four of the variables, which means that if we
know the values of any three variables, we can find out the other two.

Acceleration redefined
By re-arranging the equation that defined acceleration, we come
to the usual expression of the first SUVAT equation:

v=u+at

For example, if a stone is dropped off a cliff (see fig B) and takes
three seconds to hit the ground, what is its speed when it does hit
the ground?

Identify the three things we know:

« falling under gravity, so @ = g=981ms™
{constant acceleration, so SUVAT can be used)

« starts atrest, sou =0ms™!

« timetofallt=3s

v=u+at=0+981x3=2943
v=294ms"’

Learnine tip

Often the acceleration will not be explicitly stated, but the object is
falling under gravity, so:

a=g=981ms?

Learning tip

Often the initial velocity will not be explicitly stated, but the object
starts ‘at rest’. This means it is stationary at the beginning, so:

u=0ms'

Distance from average speed

As SUVAT only works with uniform acceleration, the average
speed during any acceleration will be halfway from the initial
velocity to the final velocity. Therefore the distance travelled is the
average speed multiplied by the time:

iuz_? i

For example, for the same stone dropping off the cliff as in the
previous example, we could work out how high the cliff is.

Identify the three things we know:

« final velocity came to be v =29.4ms™!

« starts atrest,sou =0ms™?
« timetofallt=3s

{u+v}xt:{0+29.4]
2 2
s=441m

x3=44]
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fig B Calculations about falling
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ohjects are very comman.

Combining equations
We can combine the equations

v=u+at
and

g (u+v) 5y

2
By substituting the first of these equations into the second, we get the combination equation:
(u+(u+at)) (2ut + at?)
T2 T2

s = ut + Jat?

We can use this equation to check again how high the stone was dropped from:
« falling under gravity, soa =g =981 ms™
« starts at rest, sou = 0ms™!
« timetofallt=3s
s=ut+3at’= (0 x 3) + (3 x 9.81 x 3%) = 44.1
s=441m

Notice that the answer must come out the same, as we are calculating for the same cliff This highlights

the fact that we can use whichever equation is most appropriate for the information given.

Combining equations another way
(u+v)

2
e 28
-l[u+v'_}

and v=u+at

By substituting the first of these equations into the second, we get the combination equation:
25
(u+v)

v=u+ax

viu+v)=uu +v) + 2as

vu +vi=u? +uv + 2as vu = uv so subtract from each side
v =u? + 2as

Check again what the stone’s final velocity would be:

« falling under gravity, so @ = g=981ms™

= starts at rest, sou = Oms™!

« heighttofalls=44.1m
vi=ul+2as=0% + (2 % 9.81 x 44.1) = 865
v =865 = 29.4
v=294ms"

Notice that the answer must come out the same as previously calculated, and this again highlights
that there are many routes to reach the answer.

SUVAT equation | Quantity not used
v=u+at distance
(u+v) _
5= 3 Xt acceleration
'| . .
s = ut + sat’ final velocity
v =u +Zas time

table A Each of the SUVAT equations is useful, depending on the information we are given. If you know three

quantities, you can always find a fourth by identifying which equation links those four quantities and re-
arranging that equation to find the unknawn.





