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Applying Newton s Laws

What are Newton's Laws? Draw a diagram, showingll the forces on the body.

¢ Check the body really is in equilibrium— is it stationary or moving
with constant velocity?

¢+ Resolve forces in two perpendicular directions — either horizontally
and vertically, or if the body is resting on a slope, then parallel and

Newton's Second Law: The rate of change of momentum of a blpdy is  Perpendicular to the slope.

proportional to the resultant force that acts on it + Equate the total force in each direction to zero.
+ If necessary, takeoments— this will be required if not all the forces
Newton’s Third Law: When two bodies interact, the forces they gxert  pass through one point — and equate to zero.

on each other are of equal magnitude and opposite direction ¢ Solve your equations to find the unknown forces.

=

Newton’s First Law: Every body continues at rest or with constajt
velocity unless acted upon by a resultant force

We can also use the First Law to help with problems for bodies that are not
1. The First Law in equilibrium, provided there is no resultant force on tiveenparticular
This is mainly used to find unknown forces, by using it in the form: direction. In cases like this it is used together with the Second Law — see
later for examples.

=

If a body is at rest or moving with constant velocity, there must pe | Typical Exam Question
no resultant force on it. An aircraft of mass 11 000kg, which moves at a constant velocity,
v, and constant altitude, is powered by propellers and experiences
a drag force.
Tip: It is important to note that the body must be moving with con§tant (a) Draw a labelled free body diagram showing the 4 main force$
velocity, not just constargpeed- the body must move at a steady sped acting on the aircraft. [4]
and always in the same direction. A body moving in a circle may ghove (b) The thrust from the propellers is 225kN and the drag force is
at a steady speed, but still has a resultant force on it. given by 10¥. Calculate the aircraft's level flight speed.[2]
(a) Lift vertically upwardv” weight vertically downward”

body that i . ith locity i id to b thrust forwards” drag backwards”
A body that is at rest or moving with constant velocity is said to be rzg) For level flight, horizontal forces are equal:

equilibrium . Factsheets 2 Vectors and Forces and 4 Moments and” 555400 = 10¢ v
Equilibrium give details on how to solve problems about bodies [n v = 150mg v
equilibrium, but the general strategy is:

Free-Body Force Diagrams
Many questions require you to draw a free-body force diagram; howewver, |If the body is moving through the air, then air resistance will act jn the
even if it is not asked for explicitly, it igital in solving any question opposite direction to the one it is moving in.
involving Newton's Laws. All the diagram shows is the body in which  Aircraft experience a lift force vertically upwards.
you are interested, together with all the forces acting ondt the forces

acting on any other body. Example 1. A uniform rod AB is attached at end A to a vertical wall by a
hinge. A spring has one end attached to end B of the rod, and the other is

Itis a good idea to draw a diagram of the whole situation first, includingfed to the wall above A so that the spring is horizontal. Draw a free body

the bodies involved, since it helps you to make sure you do not missfekte diagram to show the forces acting on the rod.

any forces — this is the commonest mistake!

Note: the rod being “uniform” means that its centre of mass is at its centre.

To avoid missing out forces, work through the following check-list:

¢ The body’s weight, acting from its centre of mass. Diagram of the whole thing Free-body force diagram

¢ Ifthe body is in contact with anything, there will be a normal reaction
force. This acts at right-angles to the surface.

¢ Thereaction at a hinge can act at any angle to the surface, so putitin
at an unknown angle. T

¢ Friction will act if the body is in contact with a rough surface, and if
it is moving or has any “tendency” to move. Having a “tendency” to
move means the body would move if there was no friction. Friction
acts parallel to the surface, in the direction opposite to the way the
body moves or would tend to move.

¢ Ifthe body is attached to a string, the tension of the string will act on
it. Tension always pulls, never pushes.

¢ Ifthe body is attached to a spring, the tension or thrust of the spr
will act on it. It can pull (tension) or push (thrust).

T= tension of spring
W' R =reaction at hinge
W = weight of rod

NGrip: You must make it clear what any letters you use in your
diagrams stand for.

-
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Typical Exam Question

A speedboat is towing a paraglider at a constant speed and heigh

on the end of a light rope of length 30m, which makes an ande

with the horizontal. The forces acting on the paraglider are the

vertical lift, L, the horizontal drag, D, his weight, W and the

tension in the rope, T.

(a) Draw a free body diagram of the paraglider showing the
forcesL, D,Wand T. [2]

(b) State the value of the resultant of these forces.  [1]

(c) Hence, write an equation relating the magnitudes of:
(i) D,Tand® [1]
(i) L, W, T and 6. [1]

L

(b) The resultant of these forces must be zeto.
(¢) () Resolving horizontally: D =T césv”
(i) Resolving vertically: L =W + T sthv”

Mass and Weight
It is vital to remember the difference between mass and weight
summarise:

Mass Weight
Measures | The amount of matten The force of gravity on a
in a body body
Changes | Not at all, unless thg Different depending on the
body is broken up | force of gravity — so would
be different on the moon, and
high above the earth’s surface
Unit kilogram newton
Scalar/ scalar vector (since it is a force)
vector

@@= Forany body, W = Mg, where W is its weight (N), M i
mass (kg) and g is the acceleration due to gravity.

ts

Weight always acts vertically downwards from the centre of m
the body.

2. The Third Law
We are considering the third law next because a good understanding of Both If two bodies are involved, use the third law to identify equal forces
first and third law is necessary to approach some second law problems. ) ) )
Here, we will be applying the third law to bodies in contact, or connectddf® following examples illustrate common ways of using the second law.
by a rope. It tells us that, for example:

¢

Example 2. Two children are playing “tug-of-war”. One of them suddenly
lets go of the rope. Explain why the other child may fall over, and explair

the downward force you exert on the floor by standing on it is th

same size as the upward force the floor exerts on you

if you walk a dog on a lead, the tension in the lead acting on you (d

to the dog tugging you) is of the same magnitude as the tension in
lead acting on the dog, tugging it towards you.

when you push on a door, the door pushes back on you with the sz

magnitude force.

the direction in which s/he falls.

When both children are tugging the rope, the force each child exerts on

rope is equal and opposite the force the rope exerts on the child —the r
pulls each child forward, and the child tries to pull the rope backwards. Wh

one child lets go, the tension in the rope is removed. The other child is

exerting the same backward pull on the rope, butthere is now no compensat

forward pull on the child. So the child falls backwards.

_—, e—
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Typical Exam Question

(a) Identify three properties of pairs of forces that are linked by
Newton’s third law. [3]

(b) A person stands on bathroom scales on the ground.
Draw a free-body force diagram for the person. Identify all
forces clearly. 2]

(c) For the situation in (b), state the other force forming a
Newton’s third law pair with the reaction force of the scales
acting on the person’s feet. [1]

(a) equal in magnitude opposite directionact on different bodieg”

(b)

v""%,:weight v

reaction of scales on persdﬁ

(c) The person’s weight”

3. The Second Law

- ToNewton's Second Law is most often used in the form

f.-% F=ma
F = resultant force (newtons) m = mass (kilograms)
a = acceleration (metres secorfjls

See Factsheet 9 Momentum for more on using the second law in its other form

This form isonly valid if mass is constantHowever, since the examination
does not require you to consider variable mass, this is not a problem.

Note that both F and a arectors— the force determines not only giee
of the acceleration, but alsodlisection — a body accelerates in the directi
of the resultant force on it.

on

Second law problems — like any other mechanics problem — require you to

draw a clear diagram, including all the forces acting on a body. You

need to:

+ Resolve forces in the direction in which acceleration is taking pl
and use F = ma, where F is tlesultant force in that direction.

¢ If necessary, resolve forcgmrpendicular to the direction of

acceleration, and use the fact that the resultant force is zero.

e

Showing the second law is equivalentto F =ma

UEhe second law states that force is proportional to the rate of ch
tReomentum.

Since momentum is given by massvelocity, this means force
meoportional to the rate of change of (maseelocity).

If we assume mass is constant, then this becomes:

massx (rate of change of velocity)

But rate of change of velocity is acceleration.

So we have force is proportional to massacceleration — or, as
tIg@uation, F Oma, or F = kma, where k is a constant of proportion

D, . -
e get rid of the constant k lgefining the newton to be such that
Ligree of 1N gives a mass of 1kg an acceleration of2ms

then

ace,

ity.
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Example 3.A box of mass 2kg is being towed along a rough horizontakxample 5. A slimming club is situated at the top of a tall building; to
surface by a person pulling it on a string. The string is at°30 the  motivate its clientele, the club has installed its own lift which contains a
horizontal, and its tension is 10N. The box is accelerating at 1.:&ms weighing machine. The lift accelerates uniformly at 1.0ffer 90% of

Taking g = 9.81m3, find: its journey, both going up and coming down.
(a) the frictional force acting on the box. Taking g = 10ms, calculate:
(b) the magnitude of the normal reaction force exerted by the ground orfa) The resultantforce required to accelerate a person whose mass is80kg
the box T = 40N at1.0ms.
Reaction = Ry / (b) The reading (in kg) on the weighing machine when the 80kg person
2307 . stands on it as the lift accelerates upwards.

(c) The reading (in kg) of the machine when the same person stands on
it as it accelerates downwards.

Friction = F.g

Vweight = 2g (a)Weuse F=ma: F=8&1=80N

(a) We needtoresolve inthe direction of the acceleration—whichis horizonE% To work out the reading on the scales, we need to consider the forces
since the box is moving on horizontal ground: acting on theperson '

Tcos30 -F=ma=2x1
So F = 10c0s38 2 = 6.66N (3 SF)

(b) To find any other information, we need to resolve perpendicular to the
direction of acceleration, and use the fact that resultant force is zero:
Tsin30+R-2g=0

So R = 2g — 10sin36= 9.62N (3SF)

[ 1

Example 4

A car of mass 800kg is towing a trailer of mass 300kg up a road inclinedhey are in contact with the scales, which are pushing them upwards.
at 1°to the horizontal . The car exerts a constant driving force, and startingrheir weight acts downwards.
fromrest, achieves a speed of 10hrs50 seconds. The frictional forces on
the car and trailer are constant, and of magnitude 150N and 100NSo for the person, we have
respectively. Take g = 10rs
Find: (a) the driving force of the car

(b) the tension in the tow bar.

force of scales
on person = F

D = driving force

weight = 80g

We also know that the resultant force on the person is 80N upwards, from
(a). This gives us:
F —80g =80

(a) We first need to work out the acceleration from the information giveRow the reading on the scales is worked out from the force the person
Since all the forces are constant, we know the acceleration will be constagxerts on the scales.
so constant acceleration equations can be used:
Usingv=u+at: 10=ax50/[] a=0.2m¢ The third law tells us that the force exerted by the person on the scales is the
same in magnitude as the force exerted by the scales on the person—so it |
We now need to use F = ma. We must resolve in the direction of the 80g + 80 downwards.
acceleration —that is, up the hill
The scales are calibrated to give a mass reading, rather than a “weight”
We can consider the car and trailer together —this will avoid bringing in theading.
tension in the tow rope:
D — 800gsin1— 300gsin1— 100 — 150 = (800 + 300)a = 11000.2 So the mass reading on the scales will be obtained by dividing the force

So D = 1100x 0.2 + 800gsind + 300gsin® + 100 + 150 = 662N reading by g.

- - - So the mass reading is-Fg = (80g + 80)- g = 88kg

Tip: You could consider the car and trailer seperately — you wouldthen

get two equations, which you would have to solve to find D (c) When the lift is moving downwards, the resultant force is 80N downwards,
so we have: 80g — F = 80.

(b) Since we need the tension here, we must look at either the car or the trafigk gives F = 80g — 80, and hence a mass reading of (80g-g 80j2kg
— it doesn’t matter which.
Trailer: T - 100 — 300gsirtl= 300 x 0.2 J T = 212N

Tip: Many students lose marks by ignoring the weight of the cal
If a hill is involved, the weight will come in to your equations!
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Experimental investigation of Newton’s Second Law
To investigate Newton's Second Law, a trolley on a track with tic
tape is used.

=

First, the track is friction-compensated by tilting it until the trolley
run down at a steady speed — this occurs when the dots on the
tape are evenly spaced.

.

A piece of elastic is attached to the trolley. A person pulls on the elpst
so that it is always kept at the same length as the trolley moves { t
provides a constant force on the trolley.

pieces of elastic. Different masses can be investigated by stacking t
on top of each other.

o 3
[9)

To analyse the results, the ticker-tape is cut into 10 — dot lengths.
50 dots are produced every second, this allows the average v
every 0.2 seconds to be calculated. From these velocities, the accelg@ra
can be calculated.

The variation of the acceleration with applied force (humber of pi
of elastic) and with mass (number of trollies) can then be analys

Questions
1. State Newton’s second law, and explain how it leads to “F = ma”

Different forces can be investigated by using two or three idenfcal

Exam Workshop

This is a typical poor student’s answer to an exam question. The comments

explain what is wrong with the answers and how they can be imp
The examiner’s answer is given below.

e manned rocket consists of a main rocket with spacecratft attache
with combined mass of 1.x 10°kg, and a separable propulsion uni
complete with its own first stage motor and fuel. The mass of th
iGeparate unit is 500 kg.

hiBoth parts of the rocket contain motors capable of producing

constant thrust of 1.2x 1N and are used in turn, the one in the mai

body igniting as soon as the separate unit has run out of fuel and be

Mettisoned. The rocket takes off from the ground and continues to fl
rtically upwards. Takeg= 9.8ms

(a) Ignoring the effects of air resistance, calculate the:
-~ (i) resultant force on the rocket at the instant of take-off. [2]
'itgn 1.2x 10— ( 1x 10¢ + 500)g »"= 15000N * 1/2

T

The student knows the correct calculation to carry out and has u
the correct method, but has lost the final mark by using g =20m
instead of 9.8m%as it says. Read the question!

(ii) initial acceleration of the rocket.
F=ma
15000 = (1x 10¢ + 500)arso a = 1.4286m5

(2]

1/2

Again, no difficulties understanding what is required, and the st
could have gained full marks on this section from using the v
answer to a) i) correctly, but the final mark is lost through usi
inappropriate number of significant figures.

u

.
g

nt
(b) Rocket fuel is burned at a steady rate of 2.5kg'sThe first stage

motor has 200kg of fuel available. Calculate the:
(i) time taken to use up the fuel in the first stage. [1]
200+ 2.5 =80 seconds” 1/1
ns, (i) acceleration of the rocket at the instant just before the
first stage fuel runs out.
15000 = (1x 10* + 500 — 200)a,»"so a = 1.46ms v~ 2/2

Bfhe student has gained full marks here, despite having a nume
incorrectanswer, since the answer to a) i) has been used correc
the answer is given to a suitable number of significant figures.

ed

ang b

(c) The rocket motor in the main body ignites and begins to

The car now travels down the same slope, with the engine exerting theSUPPly full thrust of 1.2 x1°N at the instant the first stage

2. Define the newton

3. Explain why the first law refers to “constant velocity”, not “consta
speed”

4. State three characteristics of a Newton’s third law pair of forces.

5. Explain why, if you are leaning on a shut door and it suddenly ope
you fall over.

6. A car of mass 700kg is moving at a steady speed up a slope inclin
2° to the horizontal. The frictional resistance to motion is constant,
of magnitude 100N. Take g = 10ths
a) Calculate the driving force of the car
same driving force.

b) Calculate the acceleration of the car.

7. A person of mass 60kg is standing in a lift of mass 250kg. The lift
accelerates upwards at 1.5i%aking g = 9.8m3 calculate
a) the tension in the lift cable
b) the force exerted on the person by the floor of the lift

Answers

1. —4. answers may be found in the text

5. The door was pushing back on you with a force equal in magnitug
the force you exerted on it. When the door is opened, this force is
removed, so the forces on you are unbalanced, so you fall toward
door.

6. a) 344N b) 0.698nts(both 3SF)

7. a)3500N (3SF) b) 678N
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finishes and falls away. For the instant in time just after
separation of the stages, calculate the:

(i) acceleration of the main rocket.

12x1C¢ -1x10g=1x10a. v~

a=11lmg«

(2]

1/2

Again, the student understood the calculation to be carried out
has made a numerical error. Since s/he showed working, a mark
awarded. The size of the answer — so different from earlier figyr
should have alerted the student to the fact that the answer was

(ii) resultant force on an astronaut of mass 70kg aboard the
e toSpacecraft. [2]
mg — ma = 80g — 86 11 = -80N ???7? 0/2

®Had the student drawn a diagram and worked out the resultan|

carefully, s/he probably would not have written “mg — ma” ins
of “mg + ma”". The student clearly realises the negative ans
wrong, but should therefore have checked previous work.

s tH |

Ie

Examiner's answers
(@ () 1.2x10-(1x10'+500)x9.8= 17100 N
(i) 17100=10500 " 1.69mg=a v

(b) () 200/2.5 =80 secondg”

- (i) 17100=10300a v a=1.7 mg v~

) 1.2x10-10x9.8=10xav 22m€=a v
erform (i) F =mg+mav’

or by any other means, without the prior permission of the publiS@N 1351-5136

— | e

=70x9.8+70x2.2=840Nv"
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