Mechanics Sector 2: Forces
Introduction

A force is a push or a pull.

Forces can:
e Change the motion of the particle
e Change the shape of the particle

Force is a vector quantity. This means that it has a magnitude (size) and a direction.
Forces are measured in Newtons (N).

Types of forces

* Weight

o Force due to gravity

o Weight = mass(kg) x gravitational field strength (Nkg ™)

o This can be written as

W =mg

o On Earth, g =9.8 Nkg !

o Weight is an example of a non-contact force (the object does not have to be in contact with
the Earth for weight to act on it)

o Weight always acts vertically downwards

o On a force diagram, we represent weight with an arrow pointing vertically downwards from
the particle (or from the centre of mass).

e Tension

Force that acts through taut strings, cables, rods and springs

o We assume that the tension is the same throughout the string

o If the string is slack then there is no tension

o On aforce diagram, tension acts along the string pointing away from the object

o}

e Thrust
o Forward force that drives an object forward
o Used in situations such as the force generated via the engine that drives a car forward

e Normal reaction force
o This is the force that acts on an object from a surface due to the object pushing on the
surface
o Always acts in a perpendicular direction to the surface that the object is on

e Friction
o Force that acts between two surfaces
o Always acts against the desired motion
o Depends on the coefficient of friction py and the normal reaction force
F < uR

Force that acts on an object due to the object moving through a fluid
When object is moving through air, it is called air resistance

Drag increases as the speed of the object increases

When drag = thrust the object will move at terminal velocity

Drag acts against the direction of motion

If the object is stationary then there is no drag/air resistance



Example 1
Draw force diagrams for the following situations. State any assumptions that you make.

a) An object at rest on a rough horizontal table with a horizontal force P applied to the object.
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b) A ball bearing freefalling through air.
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c) A toy car accelerating on a rough horizontal surface Ll
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d) A block sliding down a smooth inclined plane (a slope at an angle to the horizontal direction).
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Example 2
ve: forces = N

Solve the following situations:

a) Resolve the following vectors either horizontally and vertically or parallel and perpendicular to the
plane (whichever is most appropriate)
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Equilibrium
An object is said to be in equilibrium if
e There is no resultant force acting on an object
e There is no resultant torque acting on an object (see notes on moments)
This is due to Newton’s 15! Law
“A particle will remain stationary or, if already moving, will continue to move with a constant velocity
in a straight line unless acted on by a resultant force.”
When an object is in equilibrium then the components of the forces acting on the object will balance

horizontally and vertically

e The sum of the components (of the forces) that are acting horizontally to the left will be equal to the
sum of the components that are acting horizontally to the right.

e The sum of the components (of the forces) that are acting vertically upwards will be equal to the sum
of the components that are acting vertically downwards

Example 3

A peg bag of mass 500 grams hanging from a washing line may be modelled as a particle supported in
equilibrium by two strings, both of which are inclined at an angle 10° to the horizontal, as shown in the diagram
below.

Find the tension in each string.
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Example 4

A particle of mass 5 kg rests in equilibrium on a rough horizontal surface as shown below. A string is attached
to the particle. The string makes an angle of 30° to the horizontal and the tension in the string is 18 N.
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Find the magnitude of the normal reaction force and the frictional force acting on the particle.
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Inclined planes

Sometimes an object may be in equilibrium on an inclined plane. We therefore need to consider the following

directions: _
e Parallel to the plane Perpendicular
e Perpendicular to the plane to the plane 7 e

> the plane

.-/

The components of the forces acting on the object will also balance in these directions.



Example 5

A particle of mass 5 kg is at rest on a rough plane inclined at an angle of 30° above the horizontal. Find the

normal reaction force and the frictional force exerted by the surface of the plane on the particle

h R=54c0530 = 42:4N

7/ F -"—5‘755\.,\20 = 245N

Example 6

An object of mass 20 kg is held in equilibrium on a smooth plahe inclined at 25° by a horizontal force F as

shown below.

Find the magnitude of the force F and the normal reaction force acting on the object.
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Forces in Vector Form
As mentioned, force is a vector quantity. Forces can therefore be expressed in vector notation.

If the object is in equilibrium, the forces will balance (there is no resultant force). This means that the sum
of each of the components of the vectors (the i component, j component and k component) will be zero.

Example 7
Three forces, F;, F, and F3 are applied to an object. The forces are: 7 )

Fp=2i-j & !
F,=3i+4j «— (%
F; = ci + dj *

~()

Given that the object remains in equilibrium, find the values of ¢ and d.

Qv bbroom Fit P4/ =0
(3)t (&) (5) =2
G)eG)ee = ;77

=85
or k3 = ( - § )
Example 8 —
A particle is in equilibrium, subject to forces (5i + j) N, (2i —7j)Nand P N.

a) Find P in terms of i and j.
b) Find the magnitude of P and the direction of P as a bearing.
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Newton’s Laws of Motion
Newton’s 15t Law

“A particle will remain stationary or, if already moving, will continue to move with a constant velocity
in a straight line unless acted on by a resultant force.”

We have been obeying this law when dealing with forces that are in equilibrium.

Newton’s 2™ Law

“The resultant force acting on an object is proportional to the rate of change of momentum of the
object.”

For an object with a constant mass (which is always the case in M1) then this can be simplified to:

“The resultant force F applied to a particle is proportional to the mass of the particle and the
acceleration produced.”

Fp=ma

Fy = resultant force (N)

m = mass (kg)

a = acceleration (m/s?) — note that this acceleration is constant, so you can use it in the
suvat equations too.

Basically, if there is a resultant force acting on an object, then the object will accelerate in that direction, with
the resultant force, mass and acceleration all being linked by the equation above.
Take the direction that the object is moving in as the positive direction.

If there is no acceleration in a particular direction then the components of the forces in that direction will
balance (as they are in equilibrium).

E.g. If an object is accelerating horizontally on a horizontal plane
¢ The resultant horizontal component will obey Fr = ma and can be used to find the acceleration
(and vice-versa)

e As there is no vertical acceleration, the sum of the components acting vertically upwards will equal

the sum of the forces acting vertically downwards

This also applies parallel and perpendicular to an inclined plane when an object is accelerating either up
or down the plane

e Parallel to the plane, the resultant component will obey Fz = ma and can be used to find the
acceleration (and vice-versa)

e As there is no acceleration perpendicular to the plane, the sum of the components acting out of the
plane will equal the sum of the forces acting into the plane



Newton’s 3¢ Law

“If an object A is applied to an object B then object B applies an equal and opposite force to object
A”

This also applies when an object is in contact with a surface (or between two bodies that are not in contact
but experience non-contact forces such as gravitational forces).

Examples

1. If an object is at rest on a surface, the object will apply a force on the surface (due to its weight), so
the surface applies an equal and opposite force on the object.

2. The Earth will apply a force on a falling object, and so the object applies an equal and opposite force
on the Earth

3. If you punch a wall, you apply a force on the wall, so the wall applies an equal and opposite force on
your fist

4. Ifa positive ion applies a force of repulsion on a second positive ion, the second ion applies an equal
and opposite force of repulsion on the first ion.

Example 9

A car of mass 600 kg is travelling along a straight horizontal road with a constant acceleration of 2 ms™2. The
engine is exerting a forward force of magnitude 1500N. By modelling the car as a particle, find the magnitude
of the resistance it is experiencing.
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The total mass of a lift and its passengers is 1000 kg. The lift is accelerating upwards. The tension in the
cable pulling the lift up is 12000N. Find the acceleration of the lift.
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Example 11

A particle of mass 4kg is being pulled up a rough plane inclined at 30° to the horizontal via a light, inextensible
string. The frictional force acting against the particle is assumed to be constant with a magnitude of 20N.
Given that the particle is accelerating at a uniform rate of 1.5 ms~2, find the tension in the string.
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Example 12
A small brick of mass 0.5 kg is placed on a smooth plane which is inclined to the horizontal at an angle 6,

4
where tan 8 = —, and released from rest. Find the acceleration of the brick.
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Example 13

Two forces of 3i + 2j and 5i — 3j act on a particle of mass 10 kg.
a) What is the acceleration of the particle?
b) What additional force must act on the particle to give it an acceleration of 2i +j ?

S Ex=EBExE = (5)4, (3) ; @ N
il

a = L = (5F) w08 -0l

- N
——
\

g
\)
- N
S <
—



Friction

Frictional forces act when two surfaces rub together. Friction always acts to oppose the desired direction of
motion.

i.e. the direction of the frictional force is always in the opposite direction to the desired motion.

Consider the situation below:

If the object is in equilibrium, F = P.

IfP=0,then F=0 i.e.there is no friction acting on the object (theoretically).

As P increases, F will also increase. The magnitude of friction will be just enough to prevent motion from
occurring, up to a maximum value.

So, if P is steadily increased and the body remains at rest, F will also increase so that F = P remains true.
However, F can only increase up to a certain limit Fmax.

At this maximum value, the object is just about to move and is said to be in a state of limiting equilibrium.
If P increases beyond this maximum value, the object will move (accelerate) and the friction force will

remain at this maximum value.

The maximum value can be calculated using:

Frax = UR
Where
Fmax = maximum frictional force (N)
R = normal reaction force (N)
p = coefficient of friction
In general
F < uR

NB
e |f the surface is smooth then F = 0 (as p = 0)

e 0= p<=1foranytwo surfaces



Example 14

In the following situations a body of mass 10 kg is placed on a rough hoerizontal plane. If ¢ = % in each case

determine whether motion will occur.
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A particle of weight W is at rest on a rough
horizontal surface. A force of magnitude % is

applied to the particle as shown. Find the
coefficient of friction, i, between the particle and
the surface, if the particle is on the point of slipping.
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A particle of mass 10 kg is at rest on a rough plane inclined at 30° to the horizontal. A horizontal force of
magnitude 10N acts on the particle.

a) Find the magnitude of the force of friction on the particle.

b) The coefficient of friction between the particle and the slope is . Find an inequality that u must satisfy.
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Example 17

A box of mass 30 kg is being pulled from rest along rough
horizontal ground using a rope. The rope makes an angle of

20° with the ground, as shown in the diagram above. The
tension in the rope is 150 N.

The coefficient of friction between the box and the ground is

P=160 0.4. The box is modelled as a particle and the rope as a light,
N inextensible string. R acu(.sz[’u‘_j,
Find the acceleration of the box, & F = Fru, = R
,T R + 5D 51Ad D = 3053 PR gDc\_._lgTDStALO
— o fo =

: F: = . e
[SDCeslp - F = R pe = Oz unrFo

|50

Example 18
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A particle of mass 2 kg slides down a rough plane inclined at 30° to the horizontal. Given that the acceleration
is 1.6ms~ find the coefficient of friction between the particle and the plane.
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Exam Questions

AQA M1 January 2012

6 A evelist freewheels, with @ constant aceeleraton, m a straight Line down a slope.
As the cyclist moves S0 metres, his speed increases from 4ms ' to 10ms 1.
(a) (i) Find the acceleration of the cyclist. (3 marks)
(ii) Find the time that it takes the cyclist to travel this distance. (3 marks)
(b) The cvelist has a mass of 70kg. Calculate the magnitude of the resultant foree
acting on the cvehist. (2 marks)

(c) The slope is inclined at an angle  to the horizontal.

(i)  Tind 7 il itis assumed that there is no resistance force acting on the evelisi
(3 marhsy
(3 marksi

(ii) Find = if it is assumed that there is a constant resistance force of magnitude
30 newtons acting on the cyclist. (3 marks)

(d) Make a criticism of the assumption described in part (c)(ii). (1 mark)

AQA M1 June 2012

6 A child pulls a sledge. of mass 8kg. along a rough horizontal surfacce. using a light
rope. The coefficient of friction between the sledge and the surface is 0.3. The
tension in the rope 18 7 newtons. The rope is kept at an angle of 307 to the
horizontal. as shown in the diagram.

Modecl the sledge as a particle.

(a) Draw a diagram to show all the forces acting on the sledge. (1 mark)

(b) Find the magnitude of the normal reaction force acting on the sledee. in terms of /

R ITIE Sy

(c) Conven that the sledge acceelerates at 0.0Sms =, find 7. 10 miarhy)



Edexcel M1 January 2013
3. A particle P of mass 2 kg is attached to one end of a light string, the other end of which
is attached to a fixed point O. The particle is held in equilibrium, with OP at 30° to the
downward vertical, by a force of magnitude F newtons. The force acts in the same vertical
plane as the string and acts at an angle of 30° to the horizontal, as shown in Figure 3.
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Figure 3

Find
(1) the value of F,

(i1) the tension in the string.

(8)

Edexcel M1 June 2014 R
7

Figure 4

A particle 7 of mass 2.7 kg lics on a rough planc inclined at 40° to the horizontal. The
particle is held in cquilibrium by a force of magnitude 15 N acting at an angle of 50° to the
planc, as shown in Figurc 4. The force acts in a vertical planc containing a linc of greatest
slope of the plane. The particle is in equilibrium and is on the point of sliding down the

plane.



Find

(a) the magnitude of the normal reaction of the plane on P,

“)
(b) the coeflicient of friction between P and the plane.

)
The force of magnitude 15 N is removed.
(¢) Determine whether P moves, justifying your answer.

(C))

Edexcel M1 June 2008

y

Figure 3

A package of mass 4 kg lies on a rough plane inclined at 30° to the horizontal. The package
1s held in equilibrium by a force of magnitude 45 N acting at an angle of 50° to the plane,
as shown in Figure 3. The force is acting in a vertical plane through a line of greatest
slope of the plane. The package is in equilibrium on the point of moving up the plane. The
package is modelled as a particle. Find

(a) the magnitude of the normal reaction of the plane on the package,

(b) the coeflicient of friction between the plane and the package.
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