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TOPIC 4
Forces

4.1 Overview
4.1.1 Module 2: Dynamics
Forces
Inquiry Questions:
1. How are forces produced between objects and what effects do forces produce?
2. How can the motion of objects be explained and analysed?

Students:

 • using Newton’s Laws of Motion, describe static and dynamic interactions between two or more objects 
and the changes that occur resulting from:

 – a contact force
 – a force mediated by fields.

 • explore the concept of net force and equilibrium in one-dimensional and simple two-dimensional con-
texts using: (ACSPH050)
 – algebraic addition
 – vector addition
 – vector addition by resolution into components.

FIGURE 4.1 The motion of all vehicles depends on the sum of all the forces acting on them. The same 
statement applies to the occupants.
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 •   solve problems or make quantitative predictions about resultant and component forces by applying the 
following relationships: 

   
FAB = –FBA
  Fx = Fcos θ , Fy = F sin θ     

 •   conduct an investigation to explain and predict the motion of objects on inclined planes (ACSPH098)  
 •   apply Newton’s fi rst two laws of motion to a variety of everyday situations, including both static and 

dynamic examples, and include the role played by friction (ACSPH063)  
 •   investigate, describe and analyse the acceleration of a single object subjected to a constant net force and 

relate the motion of the object to Newton’s Second Law of Motion through the use of: (ACSPH062, 
ACSPH063)  
 –   qualitative descriptions  
 –   graphs and vectors  
 –   deriving relationships including   Fnet = ma   and relationships of uniformly accelerated motion.      

     4.2  Analysing forces 
  4.2.1  Describing forces 
 A  force  is exerted by one object on another, and is an interaction that allows a change to the states of motion 
of the objects. In simpler terms, we can say that a force is a ‘push’ or a ‘pull’. As force is a vector quantity, 
it has both magnitude and direction associated with it. When turning on a tap, pulling a chair across the 
fl oor, pushing a pencil across a page or screwing up a piece of paper, a force is being applied to an object. 

 The SI unit of force is the  Newton    (N)  , named after Sir Isaac Newton, the English scientist whose work 
contributed so much to our understanding of forces in the physical world. A Newton is not a particularly 
big measurement: a little less than   1 N   of force is exerted when lifting a   100 g   apple, nearly   10 N   when 
picking up a   1 kg   bag of potatoes and about   490 N   when lifting a   50 kg   person. 

  4.2.2  Contact and
Non-Contact Forces 
 Forces can be categorised as either 
 contact forces  or  non-contact forces . 
A contact force is exerted by an object 
that is in physical contact with another 
object, while a non-contact force can 
be exerted by an object that is not 
touching the thing that it is infl uencing. 
The force applied in pulling out a chair, the friction that stops 
your shoe slipping on the ground and the buoyant force that 
pushes us towards the surface when we are in the water are all 
examples of contact forces. 

 The effects of gravity, magnetism and electrostatics are 
examples of non-contact forces. An apple falls downwards 
from a tree because of the gravitational force that the Earth 
itself exerts on it at a distance. Similarly, a steel pin will be 
pulled towards a magnet across a tabletop.         

Non-contact force

(a) (b)

Non-contact force

(c)
Non-contact force

Contact force

  FIGURE 4.2  Contact and non-contact forces at work.  

  Examples of 
contact forces  

  Examples of
non-contact forces  

  applied 
 friction 
 air resistance 
 fl uid drag 
 tension 
 normal 
 buoyant  

  gravitational 
 electromagnetic 

 electrostatic 
 strong nuclear 
 weak nuclear  

 TABLE 4.1 Contact forces and non-contact 
forces. 
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4.3 Forces in action
4.3.1 Gravity — an attraction to Earth
An attraction to Earth
The apple in figure 4.2 is attracted to the Earth by the force of gravity. Even before it falls, the force of 
gravity is pulling it down. However, before it falls, the tree branch is also pulling it up with a force of equal 
magnitude.

The force of gravity is a force of attraction that exists between any pair of objects that have mass. 
Gravity is such a small force that, unless at least one of the objects is as massive as a planet or a natural 
satellite like the Moon, it is too small to measure.

The force on an object due to the pull of gravity is called weight and is usually given the symbol W. The 
magnitude of the weight of an object is directly proportional to its mass (m). Thus, W ∝  m.

The weight of an object also depends on where it is. For 
example, the weight of your body on the Moon is considerably 
less than it is on Earth. Your mass remains the same wherever 
you are because it is a measure of the amount of matter in an 
object or substance. The gravitational field strength, which is 
usually given the symbol g, is defined as the force of gravity 
on a unit of mass. Gravitational field strength is a vector quan-
tity. In symbols,

g = W
m

.

Thus:

W = mg.

The gravitational field strength, g, can be expressed in units 
of N kg−1. However, g can also be expressed in units of m s−2 
because it is also equal to the acceleration due to gravity.

The magnitude of the gravitational field strength, g, at 
the Earth’s surface is, on average, 9.81 m s−2. Its magnitude 
decreases as altitude (height above sea-level) increases. The 
magnitude of g also decreases as one moves from the poles towards the equator. The magnitude of the 
gravitational field strength at the surface of the Moon is approximately one-sixth of that at the surface of 
the Earth. Table 4.2 shows the magnitude of g at several different locations on Earth.

The magnitude of g at the Earth’s surface will be taken as 9.8 m s−2 throughout this text. At the surface 
of the Moon, the magnitude of g is 1.6 m s−2.

Location Altitude (m) Latitude Magnitude of g (ms–2)

Equator 0 0° 9.780

Sydney 18 34°S 9.797

Melbourne 12 37°S 9.800

Denver 1609 40°N 9.796

New York 38 41°N 9.803

North Pole 0 90°N 9.832

TABLE 4.2 Variation in gravitational field strength

Air resistance (R)
upwards

R

W
Weight (W )
downwards

FIGURE 4.3 Force is a vector quantity. 
Symbols representing vector quantities 
are in bold italic type in this text.
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  4.3.2  Normal reaction force 
  It is almost certain that at this very moment you are sitting on a chair with 
your feet on the fl oor. If your weight were the only force acting on you, 
what would happen? What stops you from falling through the fl oor? 

 Clearly, there must be at least one other force acting on you to stop 
you from falling through the fl oor. As fi gure 4.4 shows, the chair is 
pushing upwards on your body and the fl oor is pushing up on your feet. 
(You can actually control the size of each of these two upward forces 
by pushing down with your feet. However, that’s another story.) The 
sum of these upward forces must be just enough to balance the pull of 
gravity downwards. Each one of these upward forces, or support forces, 
is called a  normal reaction  force. It is described as a  normal  force 
because it acts at right angles to the surface. It is described as a  reaction  
force because it is only acting in response to the force that your body is 
applying to the fl oor.     

 The normal reaction force is represented by the symbol   R   and it is 
equal in magnitude to the sum of the forces exerted perpendicularly to 
a surface.     

Normal
reaction
forces

Weight

  FIGURE 4.4  There is more 
than one force acting on you 
when you sit on a chair.  

 PHYSICS FACT 
 Bathroom scales are designed for use only on Earth. Fortunately (at this time), 
that’s where most of us live. 

    If a   60 kg   student stood on bathroom scales on the Moon, the reading would 
be only about   10 kg  . Yet the mass of the student remains at   60 kg  . Bathroom 

scales measure force, not mass. 
  However, scales are designed so that you 

can read your mass in kilograms on Earth. 
Otherwise, you would have to divide the 
measured force by   9.8   to determine your mass. 
The manufacturer of the bathroom scales saves 
you the trouble of having to do this. 

     The   60 kg   student has a weight of about   600 N   on the Earth. However, 
on the Moon the student’s weight is only about   100 N  . The reading on the 
Earth-manufactured scales will be   100 N   divided by   9.8 m s−2  , giving the 
result of   10 kg  . 

 4.3 SAMPLE PROBLEM 1 

 CALCULATING WEIGHT 

 Calculate the weight of a   50 kg   student:  
(a)   on the Earth  
(b)   on the Moon.   

 SOLUTION  :

(a)   on the Earth 

   
W = mg

= 50 × 9.8
= 490 N downwards

    

(b)   on the moon 

   
W = mg

= 50 × 1.6
= 80 N downwards

   

 Note that the direction must be stated to describe the weight fully as weight is a vector.   
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 WORKING SCIENTIFICALLY 4.1 
 Not all chairs are comfortable to sit in; some feel as if they are tipping you forwards, while others tend to fall 
backwards when you get up out of them. 

 Design a method that would allow you to determine how weight is distributed through the bases and legs of at 
least four different chair designs when you are sitting on and getting up from them. Perform your investigation and 
use your results to determine the weight distribution characteristics of a comfortable and stable chair design. 

 4.3 SAMPLE PROBLEM 2 

 An apple with a mass of   100   grams is placed on a tabletop. What is the normal reaction force exerted 
by the table surface on the apple? 

 SOLUTION:     

 The only downward force exerted is that of the apple’s
weight. 

   
W = m g

= 0.100 kg × 9.8 m s−2

= 0.98 N,  downwards
   

 Therefore,   R = 0.98 N  , upwards 

R

W

  FIGURE 4.5   

 4.3 SAMPLE PROBLEM 3 

 What normal force will result when a   4 kg   brick is placed on a 
level surface and  
(a)   the brick is pressed down with a force of   30 N  ?  
(b)   a force of   30 N   is applied to the brick at an angle of   30°   to the 

surface?   

 SOLUTION:  

(a)   There are now two forces acting downwards on the brick: 
gravitational force   W   and an applied force   FA  . 

   
W = m g

= 4 kg × 9.8 m s−2

= 39.2 N,  downwards
   

   The total downwards force = W + FA

= 39.2 N + 30 N
 = 69.2 N   
 As a result,   R = 69.2 N  , upwards.     

(b)   Only the downward component of the applied 
force will affect the normal force, so
the total downward force  = W + FA sin 30°   

   
= 39.2 + 30 sin 30°
= 54.2 N

   

 Hence,   R = 54.2 N  , upwards on the brick        

W = 39.2 N

R = 69.2 N
FA = 30 N

  FIGURE 4.6  Pressing 
the brick on the tabletop 
downwards increases the 
normal reaction force,   R  , 
acting on the brick.  

FA = 30 N
30 sin 30° = 15 N

R = 54.2 N

W = 39.2 N

30°

30°

  FIGURE 4.7  Applying a force at a 
downward angle changes the normal 
reaction force.  
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  4.3.3  Friction 
 Friction is a force that resists the motion of one surface across 
another. While the normal reaction force acts perpendicularly to the 
surface interface, the frictional force,   Ff  , acts parallel to the interface. 

 There are two main causes of friction between surfaces. First, 
all surfaces have irregularities. On some objects such as bricks, 
sandpaper or Monte Carlo biscuits, the irregularities are easy 
to spot. However, even the surface of highly polished glass or 
metal, which seems perfectly smooth to the touch, has irregular-
ities. It is only when you look at these ‘smooth’ materials under 
a microscope that the minute bumps and ripples peppering their 
surfaces become visible.  

    As two surfaces come into contact, their lumps and bumps 
make contact and, when one surface moves across the other, the 
little bumps catch on each other. This makes it harder to move 
the surfaces relative to each other and it also causes the surfaces 
to heat up. You can experience this easily by rubbing your hands 
together. The little friction ridges that cover your hands catch on 
each other and you soon notice the heating effect. 

 Sometimes, as the bumps and ridges of one surface catch on 
those of another surface, some of the larger bumps are broken 
off. This is how sandpaper acts to smooth wood. The bumps on 
the sandpaper are very hard, while those in the wood are more 
brittle. As bump meets bump, the larger bumps of the rough wood 
are broken off, leaving behind smaller peaks on its surface. As a 
result, the wood becomes smoother.  

    The second cause of friction is on a smaller scale than the 
interaction between the bumps. As the bumps and ridges of the 
two surfaces push against each other, bonds form between the particles of the two materials. These bonds 
are quite strong and are only broken when a large enough force is applied to pull them apart. As surfaces 
move across each other, bonds are made and broken between the particles, causing a resistance to the 
motion. 

 Static friction 
 Static friction is the frictional force that must be overcome as you fi rst start to push one surface across 
another. When two surfaces are placed into contact, considerable interlocking occurs between the peaks of 
the two surfaces, and bonds form between the particles of the materials. Remember, these bonds are very 
strong. As you start to push one surface across the other by applying a force, the combination of particle 
bonds and locking of peaks acts to exert a resisting force in the opposite direction and so the surfaces do 
not move. As you exert greater force, the peaks start to fracture and the bonds begin to break. Eventually, 
with increasing force, enough of the bonds and peaks will be damaged so that the two surfaces start to 
move past each other. The size of the static force at any time equals that of the force applied to the surfaces, 

  FIGURE 4.8  Cracks and rough surfaces 
can be seen on this worn-out metal 
sample in this image taken with a 
scanning electron microscope. The metal 
sample looks smooth and shiny when 
viewed with the naked eye.  

(a)

(b)

Movement Sandpaper

Wood

  FIGURE 4.9  As large bumps are broken 
off, the wood becomes smoother.  

 WORKING SCIENTIFICALLY 4.2 
 Does jumping on an object exert more force on it than simply standing on it? Design and perform an experiment 
to test this. 
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up to a maximum value called the limiting friction. When the applied force is large enough to overcome 
this maximum value, the surfaces will start to move. The value of the limiting friction depends on the 
nature of the two surfaces in contact and the normal reaction force. As long as the force that you apply to 
the surfaces is less than the limiting friction, the static friction opposing the motion will be equal in size to 
that applied force.

Sliding friction
Sliding friction takes effect once the static friction has been overcome by the applied force and the mate-
rials are actually moving past each other. Sliding friction is weaker than static friction in magnitude but has 
a similar relationship with the nature of the surfaces and the normal reaction force.

Rolling friction
Rolling friction resists the motion of one surface rolling across another, such as in the case of a wheel 
rolling over a road surface. Rolling friction is much smaller than either static or sliding friction.

The coefficient of friction
The frictional force, Ff , is directly proportional to 
the normal reaction force and the coefficient of 
friction (μ).

Ff = μR

The coefficient of friction is a measure of how 
easily two surfaces move across each other and 
varies widely depending upon the combination of 
surfaces being considered. The coefficient of fric-
tion for aluminium sliding across wood will differ 
from that for aluminium sliding across ice.

The coefficient of friction has no units as it is the 
ratio of the frictional force to the normal reaction 
force experienced by an object, and usually has a 
value less than 1.

4.3 SAMPLE PROBLEM 4

A 4 kg box is placed on a level piece of carpet.
(a) What is the minimum force required to move the box if µs = 0.5?
(b) What would happen if a force of 10 N were applied sideways?

SOLUTION:

(a) Given: m = 4 kg, µs = 0.5
              w = mg

= 4 × 9.8
= 39.2 N

   Therefore,  R = 39.2 N
Limiting friction = μ sR

= 0.5 × 39.2
= 19.6 N

Therefore, at least 19.6 N will need to be applied to start the box 
moving.

(b) As 10 N is less than the limiting friction, the box will remain stationary.

FA Ff

R

w

FIGURE 4.10

Surface pair Static friction, 
μs

Sliding friction, 
μk

Rubber on dry 
concrete

0.9 0.7

Rubber on wet 
concrete

0.6 0.4

Rubber on wet 
ice

0.14 0.1

Wood on wood 0.25–0.6 0.3

Steel on smooth 
steel

0.15 0.09

Steel on oiled 
steel

0.03 0.03

Steel on glass 0.13 0.12

Steel on ice 0.1 0.02

TABLE 4.3 Values of static and sliding friction for 
surface pairs.
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4.4 Newton’s First Law of Motion

WORKING SCIENTIFICALLY 4.3
A variety of different materials are used for the soles of shoes with some sole materials providing more ‘grip’ 
than others. Explore the critical grip characteristics of shoes that are worn for different functions such as the 
shoes worn by roof tilers, dancers, tennis players and so on. In each case, consider the expected movement of 
the wearer and the type of surface that the shoes would typically be used on.

PHYSICS FACT
Sir Isaac Newton (1643–1727) was one of many famous scientists who 
were not outstanding students at school or university. He left school at 14 
years of age to help his widowed mother on the family’s farm. He found 
himself unsuited to farming, spending much of his time reading. At the 
age of 18, Isaac was sent to Cambridge University, where he showed no 
outstanding ability.

When Cambridge University was closed down in 1665 due to an 
outbreak of the plague, Newton went home and spent the next two years 
studying and writing. During this time, he developed the law of gravity, 
which explains the motion of the planets, and his three famous laws of 
motion. Newton also explained that white light consisted of many colours, 
and he invented calculus.

Newton’s laws of gravity and motion were not published until about 
twenty years later. They were published in Latin in a book entitled 
Philosophia Naturalis Principia. The cost of publishing was paid by 
Sir Edmond Halley, the person who discovered Halley’s comet.

Newton later became a member of Parliament, Warden of the Mint and 
President of the Royal Society. After his death in 1727, Newton was buried 
in Westminster Abbey, London, alongside many English kings, queens, political leaders and poets.

FIGURE 4.11 Sir Isaac Newton

4.3 Exercise 1
1 On the surface of Mars, gravitational acceleration is approximately 3.7 m s−2. What would be the weight of 

an astronaut in full EVA suit on Mars if the total mass of the astronaut and gear was 130 kg?
2 A student stands on a set of bathroom scales in Sydney and sees that they measure his mass at 52 kg. If the 

student stands on these same scales in New York, would he notice a difference in the mass reading? (Assume 
that the scales are precise to the nearest 0.1 kg.)

3 In table 4.2, the North Pole and the Equator values for g are different despite that they are both recorded at 
the same altitude. What is the most likely cause of the difference between the values?

4 What will be the normal reaction force exerted on a 4.00 kg block by the table on which it rests?
5 Calculate the normal reaction force acting on a 1.20 kg book which is lying on a bench if you (a) press on it 

with a force of 20.0 N or (b) pull upwards on it with a force of 4.0 N.
6 An 8.0 kg wooden sled is pulled over the snow by means of a rope that makes an angle of 40° with the 

horizontal. If the rope has a tension of 70.0 N, what is the normal reaction force acting on the sled?
7 What would be the frictional force acting on a 3.0 kg box dragged over a surface with which it has a 

coefficient of friction of 0.4?
8 Calculate the coefficient of friction between a surface and a 2.0 kg object sliding across it if there is a 

frictional force of 3.5 N acting on the object.
9 A 12.0 kg pram is pulled over a footpath with a force of 130 N by means of a handle that makes an angle 

of 25° with the horizontal. What is the coefficient of friction if there is a frictional force of 8.0 N between the 
wheels of the pram and the footpath?
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4.4.1 The net force
Most objects are acted upon by more than one object at a time. For example, an apple on a tabletop has 
a downward gravitational force and an upward normal reaction force acting upon it. A swimmer moving 
through a pool experiences the forces of gravity, buoyancy and drag as well as the force that he applies to 
move himself forward.

The vector sum of all the forces acting on an object is referred to as the net force, Fnet.
The net force acting on an object may be equal to zero, or may be a non-zero vector that causes a change 

in the object’s state of motion — a concept that is at the heart of Newton’s First Law of Motion.

4.4.2 Forces in and out of balance
When the net force acting on an object is equal to zero, we say that the object is in equilibrium. An object 
in equilibrium keeps the same state of motion. If the object was stationary before the forces acting on it 
were applied, then it remains stationary afterwards. Similarly, an object travelling at constant speed in a 

4.4 SAMPLE PROBLEM 1

FORCES INVOLVED IN A TUG-OF-WAR

In a three-way ‘tug-of-war’, the three teams (A, B and C) pull horizontally away from the knot joining 
the ropes with forces of 3000 N north, 2500 N south-west and 2800 N south-east respectively. Deter-
mine the net horizontal force exerted on the knot.

SOLUTION:

The forces acting on the central knot can be represented in the form of a vector diagram as shown:

Note that the vector diagram includes both the force magnitudes and their polar directions.

Rx = 3000 cos 90° + 2500 cos 225° + 2800 cos 315°
= 0 + (–1767.8) + (1979.9)
= 212.1 N

Ry = 3000 sin 90° + 2500 sin 225° + 2800 sin 315°
= (3000) + (–1767.8) + (1979.9)
= −747.7 N

Fnet = √ (212.1)2 + (747.7)2

= 777.2 N
≅ 800 N (to 1 significant digit)

θ = tan−1 (–747.7/212.1)
= –74°
= 16° east of south (converted into a bearing)

Therefore, the net force acting on the knot is 800 N in a direction 16° east of south.

135º
90º

135º

Team A

Team B

(a)

Team C

3000 N, 90º

2800 N, 315º
2500 N, 225º

(b)

FIGURE 4.12

Ry = –747.7 NFnet

RX = 212.1 N
�

FIGURE 4.13
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fixed direction will not change its speed or direction of travel if the forces applied to it sum to give a net 
force equal to zero.

The effect of forces on the motion of objects is clearly described by Newton’s First Law of Motion; that is:

Every object continues in its state of rest or uniform motion unless made to change by a non-zero net force.

Newton’s First Law of Motion can also be expressed in terms of acceleration. When a non-zero net force 
acts on an object, it accelerates in the direction of the net force. The acceleration can take the form of a 
change in speed, change in direction or a change in both speed and direction.

Newton’s First Law of Motion can be illustrated by flicking a coin across a tabletop. A coin flicked 
across a table changes its motion because the net force on it is not zero. In fact, it slows down because the 
direction of the net force is opposite to the direction of motion. The vertical forces, weight and the support 
force of the table, balance each other. The only ‘unbalanced’ force is that of friction. Friction is a force that 
surfaces exert on each other when they ‘rub’ together. The surface of the table applies a frictional force to 
the surface of the coin whenever there is an external force pushing the coin.

A coin pushed steadily across a table moves in a straight line at constant speed as long as the net force is 
zero (that is, as long as the magnitude of the pushing force is equal to the magnitude of the friction). The coin 
will speed up if you push horizontally with a force greater than the friction. It will slow down if the force of 
friction is greater than the horizontal pushing force. That is what happens when you stop pushing.

4.4.3 Inertia
Newton’s First Law of Motion (described in the last section) is often referred to as the Law of Inertia. The 
inertia of an object is its tendency to resist changes to its motion. Inertia is not a force; it is a property of 
all objects. The inertia of an object depends only on its mass. For example, a large adult on a playground 
swing is more difficult to get moving than a small child on the same swing. It is also more difficult to stop 
or change the direction of motion of a large adult than a small child.

Your inertia can be a serious problem when you are in or on a fast-moving object. As a passenger in a 
fast-moving car that suddenly stopped (e.g. an emergency or a collision), you would continue to move at high 
speed until a non-zero net force stopped you. Your inertia would resist the change in motion. The car would 
have inertia as well. However, it would have stopped as a result of braking or colliding with another object. 
If you were wearing a seat belt, it would apply a force that would stop you, along with the rest of the car. 
Without it, you would collide with part of the car — usually the dashboard or the windscreen. If you were to 
crash into a solid object while riding a bicycle, you would continue to move forward after the bicycle stopped.

Your inertia is also evident when you are in a vehicle that starts rapidly or is pushed forward in a colli-
sion. Your seat pushes your body forward along with the car. However, without a properly fitted headrest, 
your head remains at rest until it is pulled forward by your spine. The resulting injuries are called whiplash 
injuries. The purpose of a headrest is to ensure that when a large net force pushes the car forward, your 
head is pushed forward at the same rate as the rest of your body.

Cruising along
The forces acting on a car being driven along a straight horizontal road are shown in figure 4.14 and 
described below.

Air resistance

Driving forceRoad friction

Normal reaction force
Normal reaction force

Weight

FIGURE 4.14 The motion of a car on a horizontal road depends on 
the net force acting on it.UNCORRECTED P
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 • Weight. A medium-sized sedan containing a driver and passenger has a weight of about 1.5 × 104 N. The 
weight acts through the centre of mass, or balancing point, of the car. This is normally closer to the front 
of the car than the back. This is because the engine at the front is the heaviest part of the car.

 • Normal reaction force. A normal reaction force pushes up on all four wheels. Its magnitude is usually greater 
at the front wheels than the rear wheels. On a horizontal road, the sum of these normal reaction forces must 
have the same magnitude as the weight. What do you think would happen if this was not the case?

 • Driving force. This is provided by the road and is applied to the driving wheels. The driving wheels are 
turned by the motor. In most cars, either the front wheels or the rear wheels are the driving wheels. The 
motor of a four-wheel-drive vehicle turns all four wheels. As the tyre pushes back on the road, the road 
pushes forward on the tyre, propelling the car forward. The forward push of the road on the tyre is a type 
of friction commonly referred to as traction, or grip. If the tyres do not have enough tread, or the road is 
icy, there is not enough friction to push the car forward and the tyre slides on the road. The wheel spins 
and the car skids. The car cannot be propelled forward as effectively. Skidding also occurs if the motor 
turns the driving wheels too fast.

 • Road friction. The non-driving wheels of front-wheel-drive cars roll as they are pulled along the road 
by the moving car. In older cars, the non-driving wheels are usually at the front. They are pushed along 
the road by the moving car. Rolling friction acts on the non-driving wheels in a direction opposite to the 
direction of movement of the car. When the driving wheels are not being turned by the motor, rolling 
friction opposes the forward movement of all four wheels. When the brakes are applied, the wheels to 
which the brakes are attached are made to turn too slowly for the speed at which the car is moving. They 
are no longer rolling freely. This increases the road friction greatly and the car eventually stops. If the 
brakes are applied hard enough the wheels stop completely, or lock, and the car goes into a skid. The 
sliding friction that exists when the car is skidding is less than the friction that exists when the wheels 
are rolling just a little.

 • Air resistance. The drag, or air resistance, acting on the car increases as the car moves faster. Air resist-
ance is a form of friction that can be reduced by streamlining the vehicle. This involves shaping the 
vehicle so that it disturbs the air less.
The net force acting on the car in figure 4.14 is zero. It is therefore moving along the road at constant 

speed. We know that it is moving to the right because both the air resistance and road friction act in a direction 
opposite to the direction of motion. If the car were stationary, neither of these forces would be acting at all.
 • When the driver pushes down on the accelerator, the driving force increases. The car speeds up until the 

sum of the air resistance and road friction grow large enough to balance it. Then, once again, the car 
would be moving at a constant, although higher, speed.

 • When the driver stops pushing down on the accelerator, the motor stops turning the driving wheels and 
the driving force becomes zero. The net force would be to the left. As the car slows down, the air resist-
ance and road friction would gradually decrease until the car comes to a stop. The net force on the car 
becomes zero until the driving force is restored. 

4.4 SAMPLE PROBLEM 2

What is the net force acting on a 1200 kg car if the 
car is acted upon by a driving force of 2000 N and a 
frictional force of 800 N?

SOLUTION:

Fnet = FA – Ff
= 2000 – 800
= 1200 N, forwards

Ff = 800 NFA = 2000 N

W

R
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Rolling downhill
A car left parked on a hill will begin to roll down the hill with increasing speed if it is left out of gear and 
the handbrake is off. Figure 4.16 shows the forces acting on such a car. In order to simplify the diagram, 
all of the forces are drawn as if they were acting through the centre of mass of the car. The direction of net 
force acting on the car is down the hill. It is clear that the pull of gravity (the weight of the car), is a major 
contributor to the downhill motion of the car.

It is often useful to divide vectors into parts called components. Figure 4.17 shows how the weight can 
be broken up, or resolved into two components — one parallel to the slope and one perpendicular to the 
slope. Notice that the vector sum of the components is the weight. By resolving the weight into these two 
components, two useful observations can be made.
1. The normal reaction force is balanced by the component of weight that is perpendicular to the surface. 

The net force has no component perpendicular to the road surface. This must be the case because there 
is no change in motion perpendicular to the slope.

2. The net force is the vector sum of the component of the weight that is parallel to the surface, and the 
sum of road friction and air resistance.

Road friction
and air resistance

Normal reaction force

Weight

FIGURE 4.16 A simplified 
diagram showing the forces 
acting on a car rolling down 
a slope

Road friction
and air resistance

Components
of weight

Normal reaction force

Weight

FIGURE 4.17 Vectors can be 
resolved into components. 
In this case, the weight 
has been resolved into two 
components. The net force is 
parallel to the slope, and the 
car will accelerate down the 
slope.

PHYSICS IN FOCUS

Anti-lock brake systems
When car brakes are applied too hard, as they often are when a driver panics in an emergency, the wheels lock. 
The car skids, steering control is lost and the car takes longer to stop than if the wheels were still rolling. Drivers 
are often advised to ‘pump’ the brakes in wet conditions to prevent locking. This involves pushing and releasing 
the brake pedal in quick succession until the car stops. This, however, is very difficult to do in an emergency 
situation.

Anti-lock brake systems (ABSs) allow the wheels to keep rolling no matter how hard the brakes are applied. A 
small computer attached to the braking system monitors the rotation of the wheels. If the wheels lock and rolling 
stops, the pressure on the brake pads (or shoes) that stops the rotation is reduced for a very short time. This 
action is repeated up to 15 times each second. Anti-lock brake systems are most effective on wet roads. However, 
even on a dry surface, braking distances can be reduced by up to 20 per cent.
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Driving uphill
When a car is driven up the slope, as shown in figure 
4.18, the driving force is greater than or equal to the 
magnitude of the sum of the air resistance, road friction 
and the component of the weight that is parallel to the 
surface.

Driving force

Components
of weight

Normal reaction force

Weight

Road
friction and

air resistance

FIGURE 4.18 This diagram shows the 
forces acting on a car driven up a slope. 
In this case, the car is accelerating up 
the slope.

4.4 SAMPLE PROBLEM 3

EFFECT OF FRICTION ON A ROLLING CAR

A car of mass 1600 kg left parked on a steep but rough 
road begins to roll down the hill. After a short while it 
reaches a constant speed. The road is inclined at 15° 
to the horizontal. Its speed is sufficiently slow that 
the air resistance is insignificant and can be ignored. 
Determine the magnitude of the road friction on the 
car while it is rolling at constant speed.

SOLUTION:

Because the car is rolling at constant speed, the net 
force acting on it must be zero. The weight, W, can 
be resolved into two components — one down the 
slope, W // and one perpendicular to it, W⟂ . The 
perpendicular component of the weight, W⟂ , is balanced by the normal reaction force. The magnitude 
of the road friction must be equal to the magnitude of the weight component down the slope, W //.
In the triangle formed by the weight and its components:

sin 15° = W//  

W
       W// = W sin 15°

= mg sin 15°
= 1600 × 9.8 × sin 15° (substituting data)
= 4.1 × 103 N.

The magnitude of the road friction is therefore 4100 N while the car is rolling with a constant speed.

Road friction

Normal reaction force

Weight
WII = magnitude of road
         friction

W┴ = magnitude of
         normal reaction force

15º

15º

FIGURE 4.19

4.4 Exercise 1
1 A box is affected by three forces acting on it: 100 N at 30° north of east, 200 N west and 200 N south. What 

is the net force acting on the box?
2 What is the net force acting on a book lying on a desk? Explain.
3 A chew toy is being pulled in different directions by two dogs. One dog pulls the toy east with a force of 6 N 

while the other pulls it south-west with a force of 5 N. In what direction will the chew toy move?
4 A team of donkeys pulls a cart full of tourists up a 20° hill in Greece. If the cart (including tourists) has a 

mass of 600 kg, how much force must be exerted by the donkeys on the cart to move it up the hill at a 
steady speed? (Ignore friction.)
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4.5 Newton’s Second Law of Motion
Casual observations indicate that the acceleration of a given object increases as the net force on the object 
increases. It is also clear that lighter objects change their velocity at a greater rate than heavier objects 
when the same force is applied.

It can be shown experimentally that the acceleration, a, of an object is:
 • proportional to the net force, Fnet, applied to it
 • inversely proportional to the mass, m.

a ∝ Fnet    a ∝ 1
m

Thus:

   a ∝ Fnet

m

⇒ a = kFnet

m
where k = a constant of proportionality.

The SI unit of force, the newton (N), is defined such that a net force of 1 N causes a mass of 1 kg to 
accelerate a 1 m s−2. The value of the constant, k, is 1. It has no units. Thus:

  a = Fnet

m
Fnet = ma.
The previous equation describes Newton’s Second Law of Motion. This statement of Newton’s Second 

Law allows you to:
 • determine the net force acting on an object without knowing any of the individual forces acting on it. 

The net force can be deduced as long as you can measure or calculate (using formulas or graphs) the 
acceleration of a known mass.

 • determine the mass of an object. You can do this by measuring the acceleration of an object on which a 
known net force is exerted.

 • predict the effect of a net force on the motion of an object of known mass.

5 A 5000 kg truck is parked on a road surface inclined at an angle of 20° to the horizontal. Calculate the 
component of the truck’s weight that is:
(a) down the slope of the road
(b) perpendicular to the slope of the road.

6 In the case of the car in 4.4 sample problem 3, what is:
(a) the component down the road surface of the normal reaction force acting on it
(b) the normal reaction force?

7 A car of mass 1400 kg is left parked on a 10° hill. Unknown to the owner, the handbrake fails and the car 
starts to move down the hill. What is the car’s acceleration if
(a) the effect of friction and air resistance is ignored?
(b) air resistance is negligible but the coefficient of friction is 0.14?

 Watch this eLesson: Air resistance
Searchlight ID: eles-0035

 Watch this eLesson: Friction as a driving force
Searchlight ID: eles-0032

 Try out this Interactivity: Friction as a driving force
Searchlight ID: int-0054
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4.5.1 Applying Newton’s second law in real life
Many of the sample problems and exercises in this chapter are simplifications of the much more compli-
cated interactions that occur when forces act on an object. For example, when a tennis ball is served, the 
force applied by the tennis racquet, the weight of the ball, air resistance and the compressive forces acting 
on the ball and the racquet strings all act to change the motion of the struck ball. However, when calcu-
lating the acceleration of this ball, it may be that only the force of the racquet on the ball is used in the cal-
culation. The other forces are assumed to be negligible; that is, they are so small compared with the force 
of the racquet on the ball that they can be ignored while the racquet is in contact with the ball.

Surfaces might be described as ‘smooth’ in sample problems and exercises. This description does not 
imply that the surfaces are without friction (a near impossibility as we have seen in the previous section). 
Instead, it is included so that you would know that the force of friction is so small as to be considered 
negligible.

The event described in 4.5 Sample Problem 1 was also simplified. It is unlikely that the net force on the 
teacher gliding down the slide would be constant.

These simplifications describe an idealised environment in which we may develop an understanding 
of basic physics concepts and ideas. While these simplifications are often employed with minimal effect 
on the accuracy of the calculations made for a particular situation, caution is needed when making 
idealisations. For example, it would be unreasonable to ignore the air resistance on a tennis ball while it 
was soaring through the air at 150 km h−1(42 m s−1) after the serve was completed as, at such speeds, the 
force of air resistance has a significant effect on the ball’s motion.

4.5 SAMPLE PROBLEM 1

A 65 kg physics teacher, starting from rest, glides gracefully down a slide in the local playground. The 
net force on her during the slide is a constant 350 N. How long will it take her to reach the bottom of 
the 8.0 m slide?

SOLUTION:

      Fnet = ma
⇒ 350 N = 65 kg × a (substituting magnitudes)

     ⇒ a = 350 N
65 kg

= 5.4 m s−2

Thus, u = 0, a = 5.4 m s−2, x = 8.0 m and v = ?
apply v2 = u2 + 2as
     

⇒ v2 = 0 + 2 × 5.4 m s−2 × 8.0 m
= 86.4 m2 s−2

     ⇒ v = 9.3 m s−1

4.5 SAMPLE PROBLEM 2

When the head of an 80 kg bungee jumper is 24 m from the surface of the water below, her velocity 
is 16 m s−1 downwards and the tension in the bungee cord is 1200 N. Air resistance can be assumed 
to be negligible.
(a) What is her acceleration at that instant?
(b) If her acceleration remained constant during the rest of her fall, would she stop before hitting the 

water?
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SOLUTION:

Firstly, a diagram must be drawn to show the forces acting on the bungee jumper (see the figure 
at right). The only two forces that need to be considered are the tension (T) in the cord and the 
jumper’s weight (W).

The bungee jumper,s weight,  W = mg
= 80 kg × 9.8 m s−2 down
= 784 N down.

(a) Apply Newton’s second law to determine the acceleration. Assign up as 
positive for this part of the question.
                          Fnet = ma
               ⇒ T − W = ma               (assigning up as positive)
⇒ 1200 N − 784 N = 80 kg × a       (substituting data)

           
⇒ 80 kg × a = 416 N

                         
⇒ a = 416 N

80 kg
                         

⇒ a = 5.2 m s−2  in an upwards direction
(b) If the jumper’s acceleration were constant, one of the constant acceleration 

formulae could be used to answer this question. Assign down as positive for 
this part of the question as the bungee jumper has a downwards initial velocity 
and displacement during the time period being considered.

                          u = 16 m s−1, v = 0, a = −5.2 m s−2, s = ?

                         v2 = u2 + 2as

                  
⇒ 0 = (16 m  s−1) 

2 + 2 (−5.2 m s−2)s  (substituting data)

                   
⇒ 0 = 256 m2 s−2 − 10.4 m s−2 × s

⇒ 10.4 m s−2 s = 256 m2 s−2

                     
⇒ s = 24.6 m                 (dividing both sides by 10.4 m s−2)

 

Alas, the bungee jumper would not stop in time. However, do not be upset! In practice, the 
acceleration of the bungee jumper would not be constant. The tension in the cord would increase 
as she fell. Therefore, the net force on her would increase and her upwards acceleration would be 
greater in magnitude than the calculated value. She will therefore almost certainly come to a stop in 
a distance considerably less than that calculated.

FIGURE 4.20

T = 1200 N

FW = mg
= 784 N

4.5 SAMPLE PROBLEM 3

A waterskier of mass 80 kg, starting from rest, is pulled in a northerly direction by a horizontal rope 
with a constant tension of 240 N. After 6.0 s, he has reached a speed of 12 m s−1.
(a) What is the net force on the skier?
(b) If the tension in the rope were the only horizontal force acting on the skier, what would his 

acceleration be?
(c) What is the sum of the resistance forces on the skier?

SOLUTION:

A diagram must be drawn to show the forces acting on the skier. Assign the positive direction as 
north as shown in the figure on the left.
(a) The net force cannot be determined by adding the individual force vectors because the resistance 

forces are not given, nor is there any information in the question to suggest that they can be ignored. 
It can, however, be calculated by applying Newton’s second law if the acceleration is known.
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                     u = 0, v = 12 m s−1, t = 6.0 s, a = ?
                     v = u + at
         12 m s−1 = 0 + a × 6.0 s        (substituting data)
⇒ a × 6.0 s = 12 m s−1                       (dividing both sides by 6.0 s)

            ⇒ a = 2.0 m s−2

Thus,

Fnet = ma
= 80 kg × 2.0 m s−2 north
= 160 N north.

The net force on the skier is 160 N north.
(b) The net force on the skier is horizontal. If the 

tension were the only horizontal force acting on the 
skier, it would be equal to the net force since the 
vertical forces on the skier add to zero.

Thus, the acceleration would be given by:

a = Fnet

m

= 240 N north
80 kg

= 3.0 m s−2 north.

(c) The sum of the resistance forces (friction caused by the water surface and air resistance) on the 
skier is the difference between the net force and the tension.
sum of resistance forces = Fnet − tension

= 160 N north − 240 N north
= 80 N south

FIGURE 4.21

Tension = 240 N

Normal reaction force = 800 N

Resistance
forces

Weight = mg
   = 784 N

4.5 SAMPLE PROBLEM 4

A loaded supermarket shopping trolley with a total mass of 60 kg is left standing on a footpath that is 
inclined at an angle of 30° to the horizontal. As the tired shopper searches for his car keys, he fails to 
notice that the trolley is beginning to roll away. It rolls in a straight line down the footpath for 9.0 s 
before it is stopped by an alert (and very strong) supermarket employee. Find:
(a) the speed of the shopping trolley at the end of its roll
(b) the distance covered by the trolley during its roll.

Assume that the footpath exerts a constant friction force of 270 N on the runaway trolley.

SOLUTION:

A diagram must be drawn to show the three forces acting on the shopping trolley. Air resistance is 
not included as it is negligible. The forces should be shown as acting through the centre of mass of 
the loaded trolley as in the figure on the left. The components of the weight, which are parallel and 
perpendicular to the footpath surface, should also be shown on the diagram.

The motion of the runaway shopping trolley, originally at rest, can be described by using the 
information provided, along with Newton’s second law, which is used to determine its acceleration.

The net force can be found by ‘breaking up’ the weight into two components — one parallel to 
the footpath surface (W //) and the other perpendicular to the surface (W⟂). We know that (W⟂) is 
balanced by the normal reaction force because there is clearly no acceleration of the trolley 
perpendicular to the surface. The net force is therefore down the slope and has a magnitude of:
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Fnet = W// − friction
= mg sin 30° − 270 N
= 588 N sin 30° − 270 N
= 294 N − 270 N
= 24 N.

Newton’s second law can now be applied to determine the 
acceleration of the trolley down the slope. Assign the positive 
direction as down the slope.
                          Fnet = ma
⇒ 24 N down slope = 60 kg × a

                              a = 24 N down slope

60 kg
= 0.40 m s−2 down slope

The final speed and distance travelled by the trolley can now be 
calculated.

u = 0, a = 0.40 m s−2, t = 9.0 s, v = ?, s = ?

v = u + at

= 0 + 0.40 m s−2 × 9.0 s

= 3.6 m s−1

s = ut + 1
2
at2

= 0 × 9.0 s + 1
2

× 0.40 m s−2 × (9.0 s)2

= 1
2

× 0.40 m s−2 × 81 s2

= 16.2 m

At the end of its roll, the trolley was travelling at a speed of 3.6 m s−1 and had moved a distance 
of 16.2 m down the slope.

FIGURE 4.22

30°

30°

Friction

Weight = mg
 = 588 N

Normal
reaction
force

W┴

W┴

WII

= Component of weight parallel
   to slope

= Component of weight
   perpendicular to slope

WII

4.5 SAMPLE PROBLEM 5

The velocity-versus-time graph on the left describes the motion of a 45 kg girl on rollerblades as she 
rolls from a horizontal concrete path onto a rough horizontal gravel path.
(a) What was the magnitude of the net force on the girl on the concrete surface?
(b) If the only horizontal force acting on the blades is the friction force 

applied by the path, what is the value of the following ratio?
friction force of gravel path on rollerblades

friction force of concrete path on rollerblades

SOLUTION:

(a) The magnitude of acceleration of the girl while on the concrete surface 
can be determined from the first 6.0 s of the motion described by the 
graph. It is equal to the gradient of the graph.

a = rise
run( = Δv

Δt)

= −2.0 m s−1

6.0 s
= −0.33 m s−2

 

FIGURE 4.23
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4.5.2 Falling down
Objects that are falling (or rising) through the air are generally subjected to two forces — weight and air 
resistance. The weight of the object is constant. The magnitude of the air resistance, however, is not constant. 
It depends on many factors, including the object’s speed, surface area and density. It also depends on the 
density of the body of air through which the object is falling. The air resistance is always opposite to the 
direction of motion. The net force on a falling object of mass m and weight W can therefore be expressed as:

                         Σ Fnet = ma   (where a is the acceleration of the object)
    W −  air resistence = ma.

When dense objects fall through small distances near the 
surface of the Earth it is usually quite reasonable to assume 
that the air resistance is negligible. Thus:

 W = ma
mg = ma     (where g is the gravitational field strength)
   g = a.

The acceleration of a body in free fall in a vacuum or 
where air resistance is negligible is equal to the gravitational 
field strength. At the Earth’s surface, where g = 9.8 N kg−1, 
this acceleration is 9.8 m s−2.

If a bowling ball, a tennis ball and a table-tennis ball 
were dropped at the same instant from a height of 2.0 m in 
a vacuum, they would all reach the ground at the same time. 
This is because each ball would have the same initial velocity 
of zero and the same acceleration.

If, however, the balls are dropped either in a classroom or 
outside, the table-tennis ball will reach the ground a moment 
later than the other two balls.

The magnitude of the net force on the girl is therefore:
Fnet = ma

= 45 kg × 0.33 m s−2

= 15 N.
(b) If the only horizontal force acting on the rollerblades is friction, the net force on the girl is the 

same as the friction force on the blades. Thus:

friction  force of gravel path on rollerblades

friction  force of concrete path on rollerblades
= Fnet on girl  while on  gravel

Fnet on girl while on concrete

= ma on gravel

ma on concrete

= a (during last 4.0 s)

a (during first 6.0 s)

= gradient (for last 4.0 s)

gradient (for first 6.0 s)

=
−6.0 m s−1

4.0 s

−2.0 m s−1

6.0 s

= 4.5.

FIGURE 4.24 A bowling ball, a golf ball 
and a table-tennis ball dropped from a 
height of 
2.0 m. Which one would you expect to 
reach the ground first?
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WORKING SCIENTIFICALLY 4.4
Terminal velocity is reached by a falling object when the upward force of air resistance acting on the object is 
equal in magnitude to the downward force of the object’s weight, causing the object to fall at a constant speed. 
A parachute attached to an object allows a larger drag force to be exerted so that terminal velocity can be 
reached more quickly.

Design, build and test a parachute system that, once attached to a 100 g mass, allows it to fall for at least 2 
metres at terminal velocity. You will also need to devise a method to prove that this objective has been reached.

The acceleration of each of the balls is:

a = Fnet

m

= mg − A
m

      (where A is air resistance)

= mg
m

− A
m

= g − A
m

.

The acceleration depends on the air resistance and the mass of each ball as well as g.

The term A
m

 is very small for the bowling ball and the golf ball. Even though the air resistance on the table-tennis 

ball is small, its mass is also small and the term A
m

 is not as small as it is for the other two balls.

WARNING: Do not drop a bowling ball. If you wish to try this experiment, replace the bowling ball with a 
medicine ball and keep your feet out of the way!

4.5 Exercise 1
1 What is the magnitude of the average force applied by a tennis racquet to a 58 g tennis ball during service if 

the average acceleration of the ball during contact with the racquet is 1.2 × 104  m s−2?
2 A toy car is pulled across a smooth, polished horizontal table with a spring balance. The reading on the spring 

balance is 2.0 N and the acceleration of the toy car is measured to be 2.5 m s−2. What is the mass of the toy car? 
(Note that, because the table is described as smooth and polished, friction can be ignored.)

3 A loaded sled with a mass of 60 kg is being pulled across a level snow-covered field with a horizontal rope. 
It accelerates from rest over a distance of 9.0 m, reaching a speed of 6.0 m s−1. The tension in the rope is a 
constant. The frictional force on the sled is 200 N. Air resistance is negligible.
(a) What is the acceleration of the sled?
(b) What is the magnitude of the tension in the rope?

4 A cyclist rolls freely from rest down a slope inclined at 20° to the horizontal. The total mass of the bicycle 
and cyclist is 100 kg. The bicycle rolls for 12 seconds before reaching a horizontal surface. The surface 
exerts a constant friction force of 300 N on the bicycle.
(a) What is the net force on the bicycle (including the cyclist)?
(b) What is the acceleration of the bicycle?
(c) What is the speed of the bicycle when it reaches the horizontal surface?

5 If the velocity-versus-time graph in 4.5 SAMPLE PROBLEM 5 was applied to a car of mass 1200 kg on two 
road surfaces, what net force (in magnitude) acts on the car during:
(a) the first 6.0 seconds
(b) the final 4.0 seconds?

 Watch this eLesson: Newton’s Second Law
Searchlight ID: eles-0033

 Watch this eLesson: Motion down an inclined plane
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4.6 Newton’s Third Law of Motion
Forces always act in pairs (see figure 4.25). When you lift a heavy school bag you can feel it pulling down 
on you. When you slump into a comfortable chair at the end of a long day at school you can feel it pushing 
up on you. When you catch a fast-moving ball you can feel it push on your hand as you apply the force to 
stop it.

Sir Isaac Newton recognised that forces always acted in pairs in his Third Law of Motion, which is most 
commonly stated as:

For every action there is an equal and opposite reaction.

A more precise statement of the Newton’s Third Law is:

Whenever an object applies a force (an action) to a second object, the second object applies an equal 
and opposite force (called a reaction) to the first object.

It is very important to remember that the forces that make up action–reaction pairs act on different 
objects. That is why it makes no sense to add them together so that they ‘cancel out’. The motion of each 
object in figure 4.25 is determined by the net force acting on it.

The net force on the student sitting in the chair in figure 4.25b is zero because the upward push of the 
chair is balanced by the downward force of gravity, or weight of the student.

The tennis ball in figure 4.25c slows down because the net force on the tennis ball is not zero. The push 
of the hand on the ball is much larger than any of the other forces acting on the ball. The net force on the 
hand is zero if the hand does not change its motion during the catch. The push of the ball is balanced by the 
push of arm muscles on the hand.

FIGURE 4.25 Forces always act in pairs. (a) The arm pulls up on the bag; the bag pulls down on the arm.  
(b) The student pushes down and back on the chair; the chair pushes up and forward on the student. (c) The 
hand pushes on the ball; the ball pushes on the hand.

Arm 
pulls 
bag

(a) (b) (c)

Chair 
pushes
student

Bag
pulls
arm

Student 
pushes
chair

Tennis
ball
pushes
hand

Hand pushes
tennis ball
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 Try out this Interactivity: Newton’s Laws
Searchlight ID: int-0055
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4.6.1 Newton’s Third Law of Motion 
in action
The rowing boat shown in figure 4.26 is propelled forward by 
the push of water on the oars. As the face of each oar pushes 
back on the water, the water pushes back with an equal and 
opposite force on each oar. The push on the oars, which are 
held tightly by the rowers, propels them and their boat for-
ward. A greater push (or action) on the water results in a 
greater push (or reaction) on the oar.

In fact, none of your forward motion, whether you are on 
land, water or in the air, could occur without an action–reac-
tion pair of forces.
 • When you swim, you push the water backwards with your hands, arms and legs. The water pushes in the 

opposite direction, propelling you forwards.
 • In order to walk or run, you push your feet backwards and down on the ground. The ground pushes in 

the opposite direction, pushing forwards and up on your feet.
 • The forward driving force on the weels of a car is the result of a push back on the road by the wheels.
 • A jet or a propeller-driven plane is thrust forwards by air. The jet engines or propellers are designed to push air 

backwards with a very large force. The air pushes forward on the plane with an equally large force. 

4.6.2 Multiple bodies
Figure 4.27 shows a small dinghy being 
pulled by a larger boat. The forces 
acting on the larger boat are labelled in 
red while the forces acting on the small 
dinghy are labelled in green. Newton’s 
Second Law of Motion can be applied 
to each of the two boats. Figure 4.28 
shows only the forces acting on the 
system of the two boats and the rope 
joining them. When Newton’s Second 
Law of Motion is applied to the whole 
system, the system is considered to be a 
single object.

The thrust that acts on the larger 
boat and the system is provided by 
the water. The propeller of the larger 
boat pushes back on the water and 
the water pushes forward on the pro-
peller blades. The only force that can 
cause the small dinghy to accelerate 
forward is the tension in the rope. If 
the tension in the rope is greater than 
the resistance forces on the dinghy, it 
will accelerate. If the tension in the 
rope is equal to the resistance forces 
on the dinghy, it will move with a 
constant velocity. If the tension in the 

FIGURE 4.27 This diagram shows the forces acting on each of the 
two boats.

ThrustTensionTension

Normal reaction force

Normal reaction force

Weight

Weight

Resistance
forcesResistance

forces

FIGURE 4.28 This diagram shows the forces acting on the system. 
The system consists of the two boats and the rope joining them.

Thrust

Normal reaction forces
on both boats

Weight of boats and rope

Resistance
forces on

both boats

System

FIGURE 4.26 This rowing team relies on a 
reaction force to propel itself forward.
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rope is less than the resistance forces on the dinghy, it will slow down. That is, its acceleration will 
be negative.

The rope pulls back on the larger boat with the same tension that it applied in a forward direction on 
the small dinghy. This is consistent with Newton’s Third Law of Motion. Through the rope, the larger 
boat pulls forward on the small dinghy with a force that is equal and opposite to the force with which the 
smaller dinghy pulls on the larger boat.

4.6 SAMPLE PROBLEM 1

FORCES ON A CAR AND TRAILER

A car of mass 1600 kg tows a trailer of mass 400 kg. The coupling between the car and trailer is 
rigid. The driving force acting on the car as it starts from rest is 5400 N in an easterly direction. 
The frictional forces resisting the motion of the car and trailer are insignificant and can be ignored. 
Calculate:
(a) the acceleration of the car and trailer
(b) the net force acting on the trailer
(c) the force applied on the trailer by the car
(d) the force applied on the car by the trailer.

SOLUTION
(a) Because the coupling between the car and trailer is rigid, they have equal accelerations. 

Newton’s Second Law of Motion can be applied to the system of the car and trailer.
   Fnet = ma

       a = Fnet

m

= 5400
2000

= 2.7 m s−2 east
(b) Apply Newton’s Second Law of Motion to the trailer.

Fnet = ma
= 400 × 2.7

= 1080 N east
(c) The only horizontal force acting on the trailer is the force applied by the car. The force applied 

on the trailer by the car is therefore 1080 N east.
(d) According to Newton’s Third Law of Motion, the force applied on the car by the trailer is equal 

and opposite in direction to the force applied on the trailer by the car. That force is therefore 
1080 N west.

Driving forceCoupling

FIGURE 4.29 The car towing a trailer. The only external horizontal force is the 
driving force.
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4.7 Chapter Review
4.7.1 Summary
 • Force is a vector quantity.
 • Weight is a measure of the force on an object due to the pull of gravity.
 • The weight of an object is directly proportional to its mass.
 • The vector sum of the forces acting on an object is called the net force.
 • The velocity of an object can only change if there is a non-zero net force acting on it. This statement is 

an expression of Newton’s First Law of Motion.
 • When a non-zero net force acts on an object, it accelerates in the direction of the net force.
 • Acceleration occurs when there is a change in speed and/or direction.
 • Inertia is the tendency of an object to resist a change in its motion.
 • The forces acting on a moving vehicle are:

 – weight, downwards
 – the normal reaction force, applied perpendicular to the surface of the road
 – the driving force, applied in the direction of motion by the road
 – road friction, applied to the non-driving wheels opposite to the direction of motion
 – air resistance, applied opposite to the direction of motion.

 • The motion of a vehicle depends on the net force acting on the vehicle.
 • Newton’s Second Law of Motion describes the relationship between the acceleration of an object, the net 

force acting on it, and the object’s mass. It can be expressed as Fnet = ma.
 • Newton’s Second Law can be applied to a single object, or a system of multiple bodies that are in contact 

or connected together.
 • When an object applies a force (an action) to a second object, the second object applies an equal and 

opposite force (a reaction) to the first object. This statement is an expression of Newton’s Third Law of 
Motion.

 • The frictional force, Ff , acts between pairs of surfaces such that it opposes the relative motion of one 
surface across the other. The frictional force always acts parallel to the surface interface. Ff = μR where 
μ is the coefficient of friction and R is the normal force.

4.7.2 Questions
Assume that the magnitude of the gravitational field strength at the Earth’s surface is 9.8 m s−2.
1. Describe the difference between a vector quantity and a scalar quantity.
2. State which of the following are vector quantities:

(a) mass
(b) weight
(c) gravitational field strength
(d) time
(e) acceleration.

4.6 Exercise 1
1 A boat of mass 2000 kg tows a small dinghy of mass 100 kg with a thick rope. The boat’s propellers provide 

a forward thrust of 4700 N. The total resistance forces of air and water on the boat and dinghy system 
amount to 400 N and 100 N respectively.
(a) What is the acceleration of the boat and dinghy?
(b) What is the net force on the dinghy?
(c) What is the magnitude of the tension in the rope?
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3. A slightly overweight physics teacher steps off the bathroom scales and proudly remarks ‘My weight 
is down to 75 kg!’ The physics teacher clearly should have known better. Rewrite the remark in two 
different ways so that it is correct.

4. A family sedan has a mass of 1400 kg with a full tank of petrol.
(a) Calculate the magnitude of its weight at the surface of the Earth.
(b) Calculate the weight of the car on the surface of Mars where the magnitude of the gravitational 

field strength is 3.6 m s−2.
(c) Calculate the mass of the car on the surface of Mars.

5. Estimate your own mass in kilograms and calculate:
(a) the magnitude of your weight at the surface of the Earth
(b) your weight on the surface of Mars where the magnitude of the gravitational field strength is 

3.6 m s−2

(c) your mass on the planet Mars.
6. The set of kitchen scales in figure 4.30a is used to determine mass. As the spring inside is compressed, the 

pointer in front of the scale moves. The beam balance in figure 4.30b is used in many school laboratories to 
determine mass. Which of the two instruments would you prefer to use to measure the mass of a small rock 
(with a mass of less than 300 grams) on the Moon? Explain your answer.

7. Determine the net force in each of the situations illustrated in 
figure 4.31.

8. In the illustrations in figure 4.32, the net force is shown along with 
all but one of the contributing forces. Determine the magnitude and 
direction of the missing force.

FIGURE 4.30

Sliding massesPan Arms Pointer
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0 10 20 30 40 50 60 70 90 100g

0 1 2 3 4 5 6 7 9 10g
0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0g0

FIGURE 4.32
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FIGURE 4.31

N

W E

S

N

W E

S

2 N

4 N
3 N

100 N

100 N

45°
45°

(a) (b)

UNCORRECTED P
AGE P

ROOFS

Diacritech
Highlight

Diacritech
Highlight

Diacritech
Highlight

Diacritech
Highlight



26 Jacaranda Physics 11

c04Forces.indd Page 26 04/08/17  5:35 AM

9. When you stand in an elevator there are only two significant forces acting on 
you — your weight and the normal reaction force. It is important to note that 
the tension in the cable is not pulling on you — it is pulling on the elevator. 
The only object that can push you upwards is the floor of the elevator.
(a) State whether the normal reaction force is less than, equal to or 

greater than your weight when the elevator is:
(i) stationary
(ii) moving upwards with a constant speed
(iii) speeding up on its way to the top floor
(iv) slowing down as it approaches the top floor.

(b) Explain how the movement of elevators in tall buildings sometimes 
makes you feel ‘heavy’ or ‘light’.

10. A car is moving north on a horizontal road at a constant speed of 
60 km h−1.
(a) Draw a diagram showing all of the significant forces acting on the 

car. Show all of the forces as if they were acting through the centre of mass.
(b) Calculate the net force on the car.

11. When you are standing on a bus or train that stops suddenly, you lurch forwards. Apply Newton’s 
First Law of Motion to explain why this happens.

12. The ancient Greek philosopher Aristotle would have explained a car rolling to a stop on a horizontal 
road by saying that it slowed down because there was no constant force to keep it going. Propose a 
better explanation.

13. If the bicycle that you are riding runs into an obstacle like a large rock, you may be flung forwards 
over the handlebars. Explain in terms of inertia why this happens.

14. When you try to push a broken-down car with its handbrake still on, it does not move. Explain other 
forces that are acting on the car to produce a net force of zero.

15. Explain why a car takes longer to stop if the brakes are applied too hard.
16. Determine the magnitude of the horizontal components of each of the following forces (figure 4.34).

17. A car rolls freely down a hill with an increasing speed.
(a) Draw a diagram to show all of the forces acting on the car.
(b) What is the direction of the net force on the car?
(c) What is the largest single force acting on the car?
(d) When the car reaches a horizontal surface it slows, eventually coming 

to a stop. Why does this happen?
18. A cyclist of mass 60 kg is riding at a constant speed up a hill that is 

inclined at 30° to the horizontal. The mass of the bicycle is 20 kg. Figure 
4.35 shows the forces acting on the bicycle–cyclist system.
(a) Calculate the net force on the bicycle–cyclist system.
(b) The sum of the magnitudes of the road friction and air resistance on the 

system is 10 N. What is the magnitude of the component of the weight 
of the system that is parallel to the road surface?

FIGURE 4.34
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FIGURE 4.35
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(c) Calculate the magnitude of the driving force D.
(d) Calculate the magnitude of the normal reaction force on the bicycle–cyclist system.

19. An experienced downhill skier with a mass of 60 kg (including skis) is moving with increasing 
speed down a slope inclined at 30°. She is moving in a straight line down the slope.
(a) Calculate the direction of the net force on the skier.
(b) Draw a diagram showing the forces acting on the skier. Show all of the forces as if they were 

acting through her centre of mass.
(c) Calculate the magnitude of the component of the skier’s weight that is parallel to the slope.
(d) If the sum of the forces resisting the movement of the skier down the slope is 8.0 N, calculate the 

magnitude of the net force on her.
20. A ball of mass 0.50 kg is thrown vertically upwards.

(a) Calculate the velocity of the ball at the top of its flight.
(b) Calculate the magnitude of its acceleration at the top of its flight.
(c) Calculate the net force on the ball at the top of its flight.

21. Calculate the magnitude of the net force on each of the following objects:
(a) a 1600 kg car while it is accelerating from 0 to 72 km h−1 (20 m s−1) in 5.0 s
(b) a 500 tonne Manly ferry while it is cruising at a constant speed of 20 km h−1

(c) a space shuttle at lift-off, when its acceleration is 3.0 m s−2 and its lift-off mass is 2.2 × 106 kg.
22. A car of mass 1200 kg starts from rest on a horizontal road and a forward thrust of 10 000 N is 

applied. The resistance to motion due to road friction and air resistance totals 2500 N.
(a) Calculate the magnitude of the net force on the car.
(b) Calculate the magnitude of the acceleration of the car.
(c) Calculate the speed of the car after 5.0 s.
(d) Calculate the distance the car has travelled after 5.0 s.

23. A train of mass 8.0 × 106 kg, travelling at a speed of 30 m s−1, brakes and comes to rest in 25 s with a 
constant deceleration.
(a) Calculate the frictional force acting on the train while it is decelerating.
(b) Calculate the stopping distance of the train.

24. A physics teacher decides, just for fun, to use bathroom scales (calibrated in newtons) in an elevator. 
The scales provide a measure of the force with which they push up on the teacher. When the lift is 
stationary the reading on the bathroom scales is 823 N. Calculate the reading on the scales when the 
elevator is:
(a) moving upwards at a constant speed of 2.0 m s−1

(b) accelerating downwards at 2.0 m s−2

(c) accelerating upwards at 2.0 m s−2.
25. A roller-coaster carriage (and its occupants), with a total mass of 400 kg, rolls freely down a straight 

part of the track inclined at 40° to the horizontal with a constant acceleration. The frictional force on 
the carriage is a constant 180 N. Assume that air resistance is insignificant. What is the magnitude of 
the acceleration of the carriage?

26. A skateboarder with a mass of 56 kg is rolling freely down a straight 
incline. The motion of the skateboarder is described in the graph in 
figure 4.36. Assume that air resistance is insignificant.
(a) Calculate the magnitude of the net force on the skateboarder.
(b) If the friction force resisting the motion of the skateboarder 

is a constant 140 N, at what angle is the slope inclined to the 
horizontal?

FIGURE 4.36
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27. The magnitude of the air resistance, R, on a car can be approximated by the formula: 
R = 1.2 v2

where R is measured in newtons and v is the speed of the car in m s−1.
(a) Design a spreadsheet to calculate the magnitude of the force of air resistance and the net force on 

the car for a range of speeds as it accelerates from 20 km h−1 to 60 km h−1 on a horizontal road. 
Assume that while accelerating, the driving force is a constant 1800 N and the road friction on the 
non-driving wheels is a constant 300 N.

(b) Use your spreadsheet to plot a graph of the net force versus speed for the car.
(c) Modify your spreadsheet to show how the net force on the car changes when the same acceleration 

(from 20 km h−1 to 60 km h−1) is undertaken while driving up a road inclined at 10° to the 
horizontal.

28. A 6 kg bowling ball and a 60 kg gold bar are dropped at the same instant from the third floor of the 
Leaning Tower of Pisa. Use Newton’s Second Law of Motion to explain why:
(a) they both reach the ground at the same time
(b) a 6 kg doormat dropped from the same location at the same time takes longer to reach the ground.

29. Copy and complete the following table by fully describing the missing half of the action–reaction pairs.

You push on a wall with the palm of your hand.

Your foot pushes down on a bicycle pedal.

The ground pushes up on your feet while you are standing.

The Earth pulls down on your body.

You push on a broken-down car to try to get it moving.

A hammer pushes down on a nail.

30. What force provides the forward thrust that gets you moving when you are:

 (a) cycling
 (d) skateboarding

 (b) downhill skiing
 (e) swimming

 (c) water skiing
 (f) rowing?

31. Two loaded trolleys of masses 3.0 kg and 4.0 kg (which are joined by a light string) are pulled by a 
spring balance along a smooth horizontal laboratory bench as shown in figure 4.37. The reading on the 
spring balance is 14 N.

(a) Calculate the acceleration of the trolleys.
(b) Calculate the magnitude of the tension in the light 

string joining the two trolleys.
(c) Calculate the net force on the 4.0 kg trolley.
(d) Calculate the acceleration of the 4.0 kg trolley if the 

string was cut.
32. A warehouse worker applies a force of 420 N to push two crates 

across the floor as shown in figure 4.38. The friction force 
opposing the motion of the crates is a constant 2.0 N for each 
kilogram.

FIGURE 4.37
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(a) Calculate the acceleration of the crates.
(b) Calculate the net force on the 40 kg crate.
(c) Calculate the force exerted by the 40 kg crate on the 30 kg crate.
(d) Calculate the force exerted by the 30 kg crate on the 40 kg crate.
(e) Would the worker find it any easier to give the crates the same 

acceleration if the positions of the two crates were reversed? Support 
your answer with calculations.

33. A well-coordinated in-line skater is playing with a yo-yo while accelerating 
on a horizontal surface. Figure 4.39 shows that when the yo-yo is at its 
lowest point it makes an angle of 5° with the vertical. Determine the 
acceleration of the in-line skater.

34. The graph at right shows the acceleration experienced by a wooden  
block placed on a concrete floor as it is pushed across the floor by  
a force FA.
From this graph, determine:
(a) the limiting friction
(b) the mass of the block
(c) the sliding friction.

35. A 3 kg lantern suspended from a verandah roof by a 50 cm 
chain is blown by the wind so that it hangs at an angle θ  
to the vertical for the duration of the wind gust. If the wind 
blows from the east and exerts a constant force of 20 N , 
determine the tension, T, in the chain and the angle θ .

FIGURE 4.40
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PRACTICAL INVESTIGATIONS

Investigation 4.1: Force as a vector
Aim
(a) To show that force is a vector and that the net force is the vector 

sum of all the forces acting on an object
(b) To analyse the forces acting on an object by resolving the forces 

into components

Apparatus
three spring balances (5 N)
slotted masses (set of nine 50 g masses and carrier)
marking pen
sheet of A4 paper
masking tape
protractor

Theory
When a point is stationary, the net force acting at that point is zero. 
We know this because if the point is stationary, it is not changing its 
motion. The net force is the vector sum of all the forces acting at the point. If the net force at a point is zero, the 
components of the forces in any direction will add up to zero.

Method
1. Check that the spring balances are ‘zeroed’ and test them for accuracy by weighing known masses.
2. Using three 5 N spring balances, apply three small forces horizontally to a point, P, so that the point is in 

equilibrium (see figure 4.41). Use masking tape to secure the ends of the spring balances in place while 
maintaining the tension so that the net force at the point P is zero. The point P is the point at which the three 
hooks are in contact.

FIGURE 4.41 Set up three spring 
balances horizontally as shown.
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P θ
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3. Place a sheet of A4 paper on the table beneath the point P. Use the protractor to measure the angle θ . You 
need to think carefully about the best way to ensure that the directions are as shown.

4. Draw a diagram of the situation, showing the spring balances and the point P, and label the angles.
5. Draw a separate vector diagram showing the point P and the three forces acting at point P.

Analysis and questions
Determine the net force acting on point P using the two methods below.
(a) Vector addition method

Apply the ‘head to tail’ rule for vector addition to all forces. Take care when transferring vectors.
1 Label the net force clearly and state its magnitude and direction.
2 What is the expected magnitude and direction of the net force?
3 Account for any difference between your measured net force and the expected net force.

(b) Component method
1 Transfer your original vector diagram carefully onto graph paper with point P at the origin.
2 Use your graph to find the ‘x’ component of each of the three forces. Add the ‘x’ components to obtain 

the sum of the ‘x’ components. Repeat the process for the ‘y’ components.
3 Summarise your results in a table like the one below.

FORCE 'X' COMPONENT (N) 'Y ' COMPONENT (N)

F1

F2

F3

SUM

4 How does the sum of the ‘x’ components of the three forces compare with the expected value of the sum?
5 How does the sum of the ‘y’ components of the three forces compare with the expected value of the sum?

Investigation 4.2: Newton
,
s Second Law of Motion

Aim
(a) To examine the relationship between 

the net force acting on a system, 
the mass of the system and its 
acceleration

(b) To use Newton’s Second Law of 
Motion to determine the mass of an 
object

Apparatus
low-friction trolley
timing and recording device (e.g. ticker-

timer, photogates, motion detector
and computer interface)

pulley
light string
slotted masses (set of nine 50 g masses

and carrier)
metre rule
balance suitable for measuring the mass of the trolley

Theory
Newton’s Second Law of Motion describes the relationship between the acceleration of an object, the net force 
acting on it, and the object’s mass. It can be expressed as Fnet = ma.

Method
1. Use the balance to measure the mass of the trolley. Record its mass.
2. Place 400 g of slotted masses on the trolley. Connect a load of 100 g to the trolley with a light string over a pulley 

as shown in figure 4.42. The load provides a known external force on the system of the trolley and all of the 
slotted masses. The magnitude of this external force is equal to the magnitude of the weight of the load.

3. Use your timing and recording device to collect data that will allow you to determine the acceleration of the 
trolley or glider at several instants as the load is falling.

FIGURE 4.42
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4. Repeat this procedure for different loads by taking 100 g from the trolley and adding it to the load. That 
changes the load, and therefore the external force on the system, without changing the mass of the system. 
Continue to repeat the procedure until you have removed all of the slotted masses from the trolley.

Analysis
1. Use your data to determine the average acceleration of the system for each external force.
2. Summarise your data in a table that shows the force applied to the system by each external force and the 

corresponding acceleration of the system.
3. Use your table to plot a graph of external force versus acceleration.
4. Use your graph to make an estimate of the mass of the system of the slotted masses and trolley.

Questions
1. If the force applied by the load through the string was the only horizontal force acting on the trolley, where 

would the graph cross the vertical axis?
2. What quantity does the intercept on the vertical axis represent?
3. Using your estimate of the mass of the system, what is your estimate of the mass of the trolley?
4. How does your estimate of the mass of the trolley compare with the mass measured by the balance? 

Suggest reasons for differences between the estimated mass and the measured mass.

Investigation 4.3: Weight and Mass
Aim
To examine the relationship between weight and mass

Apparatus
10 × 50 g masses (usually sold as a set with a suspender base)
5-newton spring scale
retort stand
clamp and boss head

Method
1. Assemble the retort stand with clamp and boss head.
2. Calibrate the spring scale. This is usually done by pulling or pushing the metal tag at the top of the scale 

until the indicator is aligned with the zero mark. For some scales, you will need to twist an adjustment screw 
(usually also at the top of the scale).

3. Hang the calibrated scale from the clamp of the retort stand.
4. Suspend a 50 g mass from the scale hook. Read the spring scale and enter the weight registered in the table 

below.
5. Repeat step 4 with masses of 100 g, 150 g and so on up to 500 g.

Results

Mass (g) Mass (kg) Weight (N)

50

100

150

200

250

300

350

400

450
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Analysis
1 On the graph section below, plot the results that you have entered in the table above, ensuring that the 

mass (in kg) is on the horizontal axis and weight (in N) is on the vertical axis. Draw a line of best fit through 
your results.

Determine the gradient of the line of best fit.
________________________________________________________________________________________________
________________________________________________________________________________________________
________________________________________________________________________________________________

2 Weight (w) and mass (m) are related by the equation w = mg, where g is the acceleration due to gravity in 
m s−2; its value will be the gradient that you calculated above. On average, this value should be 9.81 m s–2.
Calculate the % error in your determination of g compared to the theoretical value of 9.81 m s–2:

% error = ∣ theoretical value − experimental value

theoretical value ∣ × 100 %

________________________________________________________________________________________________
________________________________________________________________________________________________
________________________________________________________________________________________________

3 What explanations can you give for any discrepancy between your investigational value and the theoretical 
value?
________________________________________________________________________________________________
________________________________________________________________________________________________
________________________________________________________________________________________________
________________________________________________________________________________________________

Conclusion

What have you found out about the relationship between weight and mass in this investigation?

Investigation 4.4: Static, sliding and rolling friction
Name: _____________________________________________________________________________________________
___________________________________________________________________________________________________

Aim
To compare the relative sizes of different forms of friction
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TOPIC 4 Forces 33

Apparatus
Wooden block in the shape of a rectangular prism
string
spring scale (Newton scale)
a wooden surface (such as a floor
board, plank or benchtop)
10 × wooden dowels (each 10 cm long)
Note: Ideally, the wooden surface, dowels and block should be of the same type of wood and the same level of 
finish.

Method
1. Tie a loop of string tightly around the wooden block, ensuring that the largest surface area is not crossed 

with string.
2. Zero the spring scale, then attach the hook on the spring scale to the string loop.
3. Place the block and spring scale on the wooden surface so that the largest surface area is face down.
4. Pull the scale gently until the block just starts to move. Note the reading on the scale. This will be the static 

friction value, Fs. Enter this value into the table below.
5. Lift the block from the surface, replace it and then repeat step 4 twice more.
6. Now pull the block across the wooden surface at a uniform speed (as much as possible) and note the 

reading on the spring scale. This will be the sliding friction value, Fk. Enter this value into the table below. 
Note: if you are pulling with a constant speed, then the reading on the spring scale remains at the same 
value.

7. Replace the block at its starting position and then repeat step 6 twice more.
8. Lay the wooden dowels on the wooden surface so that they lie as close as together as possible. Run your 

hand lightly over them to ensure that they roll smoothly. If a dowel seems to roll unevenly, replace it with 
another.

9. Put the dowels back in their starting position and place the block on top of them so that the end of the 
block lies on the last dowel. Once again, ensure that you place the largest surface area face down.

10. Pull the spring scale and block at a constant speed until the block no longer rolls over the dowels. Note the 
measurement on the scale. This will be the value of rolling friction, Fr. Enter this value into the table below.

11. Repeat steps 9–10 twice more.

Results

Type of fraction

Force of friction (N)

Trial 1 Trial 2 Trial 3 Average

Static friction

Sliding friction

Rolling friction

Analysis
1. What variables were controlled during this short investigation?

________________________________________________________________________________________________
________________________________________________________________________________________________
________________________________________________________________________________________________

2. Calculate the average values obtained for each of the three types of friction and enter them into the final 
column in the table above.

3. According to your average values, place the friction types (static, sliding and rolling) in order from lowest to 
highest.
________________________________________________________________________________________________

4. Is this the order that you would expect them to appear theoretically?
________________________________________________________________________________________________

5. Would you expect this order to be the same if the wooden surface and dowels were replaced with steel while 
the block remained wood? Explain your answer.
________________________________________________________________________________________________
________________________________________________________________________________________________
________________________________________________________________________________________________
________________________________________________________________________________________________
________________________________________________________________________________________________
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6. Discuss at least 3 problems that you encountered in this investigation and propose possible solutions.
________________________________________________________________________________________________
________________________________________________________________________________________________
________________________________________________________________________________________________
________________________________________________________________________________________________
________________________________________________________________________________________________
________________________________________________________________________________________________

7. Give 2 situations in the real world where static friction is relied upon.
________________________________________________________________________________________________
________________________________________________________________________________________________
________________________________________________________________________________________________
________________________________________________________________________________________________

Conclusion
State the largest and smallest types of friction for two wooden surfaces.
________________________________________________________________________________________________
________________________________________________________________________________________________
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