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3.1 Newton’s 1st Law
According to Newton’s 1st law (N1L), a mass remains in its current state of motion unless compelled
by a net external force. So if a mass is moving, it should continue to move, straight, at the same speed,
forever. This natural tendency for a mass to stick to its current motion, is called inertia.
This is a profound insight. Because anyone who grew up on Earth would think the natural tendency
is for a mass to (1) fall downward and (2) stay at rest. But if we grew up in a spacecraft cruising in
outer space, or an orbiting space station, it would be obvious that a mass does not mind motion. What
it does not like, is to change its motion.

see video at xmphysics.com

I think our problem is that we only consider forces which are initiated by living things to be forces. And
forces initiated by non-living things (Earth’s pull which causes everything to fall downward, air
resistance and frictional forces which causes things to slow down) are for some reason not registered
as forces in our mind (and their effects on motion seen as the “natural tendency” of motion instead).
Here’s my advice to physics students. Be disciplined in your thinking. Give the same respect to all
kinds of forces, especially the “invisible” ones 1. Then you will start to become a believer of N1L. Then
you will interpret motion around you as the outcome of interaction of inertia with forces.

see video at xmphysics.com

1

Refer to Section 3.4 for a closer look at these forces
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3.2 Newton’s 2nd Law
While N1L states what happens if the net external force Fnet is zero (the motion does not change),
N2L states what happens if Fnet is not zero (the motion must change). But it’s not science if it is
quantifiable. So quantitatively, how is the change in motion related to Fnet? According to N2L, the
amount of Fnet required (to produce a certain change the motion) is directional proportional to the rate
of change of momentum.

Fnet 

dp
dt

Firstly, note that Newton used momentum, which is mass multiplied with velocity ( p  mv ), to quantify
motion.

Secondly, strictly speaking, N2L should read Fnet  k

dp
, where k is a constant. But physicists have
dt

cunningly defined 1 N to be the amount of force that produces rate of change of momentum of 1 kg
m s-2. In other words, k has been arranged to be 1 so that N2L can be simplified to be
Fnet 

dp
dt

Thirdly, if we are analyzing the motion of a body with a fixed mass m, we can simplify N2L further:
dp
dt
d (mv )

dt
dv
m
dt
 ma

Fnet 

So Fnet  ma is actually a special case of N2L. But since most bodies do have a fixed mass, this
“special” case is the most “common” form of N2L. We will go through a few examples its application
in Section 3.2.1. But the Fnet 

dp
form does come in handy in some situations. Those will be
dt

discussed in Sections 3.2.2 and 3.2.3.
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3.2.1 Fnet=ma
Most A-level dynamics problems are pretty straight forward.
Step 1: Identify the mass m on which you are going to apply N2L.
Step 2: Fill in each of the 3 terms in the equation Fnet  ma .
Step 3: Solve the equation.
For example, a 2000-kg car is propelled forward by a 400 N traction force F but pushed backward by
a 160 N air resistance R.
a
F= 400 N

R =160 N

2000 kg
Applying N2L on the 2000 kg mass, we write

Fnet  ma
400  160  2000a
a  0.12 m s2

3.2.1.1 Man in Elevator
Worked Example 1
A 60-kg man takes the elevator to a higher floor. Calculate the “weight” of the man when the elevator
is
a) speeding up (at a constant rate) from rest to 2.0 m s-1 in 4.0 s,
b) moving upward at a constant speed,
c) slowing down from 2.0 m s-1 to rest in 4.0 s.
Solution

Ver 1.0 © Chua Kah Hean xmphysics

4

There are only 2 forces acting on the man. (1) the downward gravitational pull mg by the Earth and
(2) the upward normal contact force N by the elevator floor. While mg = (60)(9.81) = 589 N is a
constant force, N is not. Why does the floor bother to push the man upward? Because it wants to
keep the man away! And depending on the motion, the amount of N required to keep the man away
can be larger, smaller or equal to mg.
a)
Speeding up from rest to 2.0 m s-1 in 4.0 s, the elevator is accelerating at

2.0  0.0
 0.50 m s2 . For
4.0

the man to keep up with the elevator, he must be experiencing an upward net force. This means that
N must be stronger than mg.

Forming the N2L equation for the man (taking upward as positive),

(Fnet  ma )
N  mg  ma
N  m(g  a )
 (60)(9.81  0.50)
 619 N

With N (apparent weight) larger than the usual of 589 N, the man feels heavier than usual. In fact, if
the man were standing on a weighing scale in the elevator, there would be a 619 N normal contact
force between him and the scale. And the scale would be reading 619 ÷ 9.81 = 63 kg (instead of the
usual 60 kg).
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b)

For the man (and the elevator) to be moving at constant speed, the net force acting on the man must
be zero. Forming the N2L equation for the man,

(Fnet  ma )
N  mg  0
N  mg
 (60)(9.81)
 589 N
589 N is the normal contact force a 60-kg man is accustomed to. So he feels a “weight” of 60-kg
during this part of the elevator ride.
c)
Slowing down from 2.0 m s-1 to rest in 4.0 s corresponds to an acceleration of

0.0  2.0
 0.5 m s2 .
4.0

To have a downward acceleration, Fnet must be downward. This means that mg must be stronger than
N.

Forming the N2L equation for the man (taking downward to be positive),
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(Fnet  ma )
mg  N  ma
N  m(g  a )
 (60)(9.81  0.50)
 559 N
With N (apparent weight) smaller than the usual 589 N, the man feels lighter than usual. In fact, if the
man were standing on a weighing scale in the elevator, the scale will be reading 559 ÷ 9.81 = 57 kg
(instead of the usual 60 kg).
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3.2.1.2 Block Train
If A pushes B, and B in turn pushes C, then does A push C? Depends. Whether you see C as C, or
you see C as part of a combined body BC. Read the following example for illustration.
Worked Example 2
Block A, B and C of mass 4.0 kg, 6.0 kg and 2.0 kg respectively (pressing against each other) is
pushed along a smooth horizontal surface by an external force of 24 N.

Calculate
a) the contact force between block A and B
b) the contact force between block B and C
Solution
Using Fxy to denote the contact force that block X exerts on Y, we draw the free body diagram for the
given scenario.

Notice that we have identified five forces in the picture: 24 N, FBA, FAB, FCB and FCB2. Whether or not
they must be included or excluded from the Fnet term in your N2L equation depends on the mass m
you have chosen to apply the N2L on. For example, if you are considering blocks A+B+C as a
combined 12 kg mass, then 24 N is the only force acting on this 12 kg mass. All the other forces are
internal forces. Internal forces should be left out of the Fnet summation3. On the other hand, if you are
considering block C individually as a 2 kg mass, then FBC is the only force acting on this 2 kg mass.
All the other forces do not act on this 2 kg mass and must be left out of the Fnet summation.

2

Note that FBA and FAB form an action-reaction pair. So do FCB and FCB.
If you want to include internal forces, then make sure you include all of them. You will then realize that since
Internal forces always come in equal but opposite pairs, they will cancel each other out anyway.
3
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a)
Let’s start by considering all three blocks as a combined 12 kg mass. Our N2L equation for this 12 kg
mass will be as follows:

(Fnet  ma )
24  (4  6  2)a
a  2.0 m s2
Let’s now consider blocks B and C as a combined 8 kg mass. The N2L equation for this 8 kg mass is
as follows:

(Fnet  ma )
FAB  (6  2)(2.0)
 16 N

Alternatively, we can consider block A by itself as a 4 kg mass. In which case

(Fnet  ma )
24  FBA  (4)(2.0)
FBA  16 N
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b)
Considering block C by itself as a 2 kg mass,

(Fnet  ma )
FBC  (2)(2.0)
 4.0 N

Alternatively, we can consider blocks A and B as a combined 10 kg mass. In which case

(Fnet  ma )
24  FCB  (4  6)(2)
FCB  4.0 N

For the sake of completeness, the full picture is presented below. You can check that the acceleration
always comes up to be 2.0 m s-2, no matter which mass you choose to apply your N2L on, as long as
you correctly gather the forces that make up Fnet.
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3.2.1.3 Atwood’s Machine
Worked Example 3
Blocks A and B of mass 6 kg and 2 kg respectively are connected by a light inextensible rope hung
over a light smooth pulley. Calculate the tension in the rope.

Solution
Before we start, let’s get the big picture. Firstly, let’s be clear that there is only one (magnitude of)
acceleration in this problem. Since the rope is inextensible, block A will be accelerating downward at
the same rate block B is accelerating upward.
Secondly, there is only one tension in this problem. Since the rope has negligible mass and the pulley
is smooth and light, the tension is uniform throughout the rope. So the tension forces pulling on block
A and block B are the same magnitude.

Thirdly, the tension must be less than 6g in order for block A to be accelerating downward, but larger
than 2g in order for block B to be accelerating upward.
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Ok. Let’s start applying N2L. Considering block A by itself as a 6 kg mass,

(Fnet  ma )
6g  T  6a

(1)

Next, we consider blocks B by itself as a 2 kg mass and a form a second N2L equation.

(Fnet  ma )
T  2g  2a

Adding equation (1) to (2), we can eliminate T to obtain
6g  2g  (6  2)a
a  0.5g

Substituting back into equation (2), we get
T  2g  2(0.5g )
T  3g
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(2)

When you’re are more proficient, you can actually consider both blocks as a combined 8 kg mass. As
a combined mass, the two tension forces cancel each other out, allowing us to obtain the acceleration
in one N2L equation.

(Fnet  ma )
6g  2g  (6  2)a
a  0.5g
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3.2.2 Fave = p/t
Can you recall the last time you were hit by a baseball, golf ball or something? Have you ever
wondered why it hurts more if it hit your head rather than your butt?

3 m s-1

impulse

3 m s-1

2 kg
before

during

after

Consider a 2 kg ball colliding into a brick wall at 3 m s-1, and rebounding at 3 m s-1 after the collision.
Obviously, there is a contact force between the ball and wall during the collision. Assuming the
duration of collision to be t  0.2 s , we can calculate the (average) value of the force experienced
by the ball using

Fave 

p mv m(v f  v i ) 2( 3  3)



 60 N
t
t
t
0.2

So during the impact, the wall must have exerted a leftward 60 N force on the ball. By N3L, the ball
must have exerted a rightward force of 60 N on the wall.
Now what if the ball hits a cardboard instead? This time, the ball would probably not rebound. Let’s
assume that the ball simply comes to rest and sticks on the cardboard after t  0.4 s .
3 m s-1

impulse

0 m s-1

during

after

2 kg

before

Fave 

p mv m(v f  v i ) 2(0  3)



 15 N
t
t
t
0.4

So during the impact, the ball and the wall exerted an average force of 15 N on each other.
So you have only your rigid skull to blame for causing so much ∆p in such short ∆t, inflicting a large
impact force on the ball which N3L back onto yourself. Your fleshy bum on the other hand takes a
longer ∆t to cause a smaller ∆p, thus achieving a smaller impact force.
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Worked Example 4
A 200 g billiard ball makes an elastic collision with the wall. Assuming the duration of collision to be
150 ms, calculate the (average) impact force.
11 m s-1
200 g
30°
30°
11 m s-1

Solution
v=vf-vi

30°
vf

-vi

|vi| = |vf| = 11 m s-1

Firstly, we draw the vector triangle to find the change in velocity (of the billiard ball). Our job is made
much easier by the fact that the vector triangle is an isosceles triangle.

v  2  11cos30  19.05 m s1
The (average) impact force can thus be calculated using

F

p mv 0.200(19.05)


 25.4 N
t
t
0.150

watch video at xmphysics.com
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3.2.3 F = vdm/dt
When a rocket ejects its propellant, the gain in momentum of the propellant corresponds to a force
(by the rocket on the propellant). Likewise, when a water jet strikes a wall, the loss of momentum of
the water corresponds to a force (by the wall on the water).

watch video at xmphysics.com

According to N2L, the rate of change of momentum can be equated to the force. So
F

dp d (mv )
dm

v
dt
dt
dt

Worked Example 5
Rockets carry rocket propellants, which are combusted and ejected through the rear at very high
speeds. Suppose 300 kg s-1 of propellant is being ejected at 2000 m s-1. Calculate the thrust
developed by the rocket.
Solution
We note that in every second, 300 kg of 0 m s−1 propellant becomes
a force. According to N2L,

0ms

300 kg of 2000 m s-1 propellant. This “production” of momentum requires

-1

dp
dm
v
dt
dt
 2000 m s1  300 kg s 1

F

300 kg s

 600,000 kg m s2
 600 kN

exhaust

to expel the propellant at this rate and speed. By N3L, this is also the
magnitude of the (upward) thrust force experienced by the rocket.

2000 m s

Technically, this 600 kN is the (downward) force that the rocket must exert

-1
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Worked Example 6
A high pressure water jet ejects a cylindrical column of water with cross sectional area of 2.5 cm 2
travelling at 80 m s-1. The water hits a vertical wall horizontally, loses all its horizontal velocity and
trickles vertically down the wall after impact. Given that the density of the water jet is 1000 kg m -3,
what is the force it exerted on the wall?
Solution

water jet
80 m s-1

20 kg s-1

0 m s-1

Distance travelled by water jet in 1 s  80 m
Volume of water hitting the wall in every 1 s  (2.5  104 )(80)  0.020 m3
Mass of water hitting the wall in every 1 s  (0.020)(1000)  20 kg

We note that in every second, 20 kg of 80 m s−1 water becomes 20 kg of 0 m s-1 water. This
“destruction” of momentum requires a force. According to N2L, the rate of change of momentum is
equal to the force

dp
dm
v
dt
dt
 80  20  1600 kg m s2  1.6 kN

F

Technically, this 1.6 kN is the (leftward) force experience by the water jet. But by figuring out the force
exerted by the wall on the water jet, we can infer the (rightward) impact force the water jet exerts on
the wall. Because these two forces are an action-reaction pair.
When you are more confident, you can solve such problems quickly by using the formula directly.
dp
dm
v
dt
dt
 v (  Av )

F

  Av 2
 (1000)(2.5  10 4 )(80)2
 1.6 kN
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3.2.4 Impulse
Starting from F 

p
, we can re-arrange the terms to get
t
F t  p

What’s the physical meaning of this equation? A certain amount of momentum change p is brought
upon by the application of a certain force F for a duration of time t . The quantity F t is called
impulse. It is usually denoted by the symbol J and has the unit N s.
For example, to increase a mass’s momentum from 0 kg m s-1 to 12 kg m s-1 requires an impulse of
12 N s. This impulse can be delivered by exerting a force of 1 N for 12 s on the mass, or 2 N for 6 s,
or 3 N for 4 s, or 8 N for 1.5 s,… because all of them correspond to an impulse of 12 N s.
Have you noticed that gymnasts always bend their knees when they land? What are they trying to
achieve? Smaller impulses? Or smaller forces? Or both?
Bent knees or straight, the momentum change is the same. Either way, all the vertical momentum
must be lost to come to rest eventually). So the required impulses J are also exactly the same. By
bending the knees, however, gymnasts extend the duration of impact t. This allows them to achieve
the landing with a less intense impact force F.

Basically, between F and t, we can dial down one of them by dialing up the other.
F

It is the same impulse J! But

F

t

t  J  F

t

is a graceful touch-down whereas

F t is

a bone-shattering

experience.
It is the same physics behind most anti-crush devices such as air bags, car crumple zones, safety
nets, stuntman boxes, corrugated paper, bubble wraps.

watch video on xmphysics.com
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Worked Example 7
A 2 kg ball lands on the floor at 4 m s-1, and rebounds at 3 m s-1 after the collision. Calculate the
impulse experienced by the ball.
Solution
First we calculate the change in momentum of the ball:
p  mv  (2)(3  ( 4))  14 kg m s1

Since J  p , a (upward) momentum change of 14 kg m s-1 requires an (upward) impulse of 14 N s.

Worked Example 8
A 3.0-kg ball, subjected to a net force that varies with time as shown in the graph below, travels along
a straight line. Given that the ball was travelling at +1.4 m s-1 at t  0 , calculate its velocity at t  5.0 s .

F
4
2
0

1

2

3

4

5

t

-2
-4
Calculate its final velocity.
Solution
The area under the F-t graph is p (because F t  p ). So we can calculate the net impulse by
subtracting the negative area from the positive area:
J

1
1
(3  4)  (2  2)  6  2  4.0 N s
2
2

Then
J  mv
4.0  (3.0)v
v  1.3 m s-1

Hence its final velocity is 1.4  1.3  2.7 m s1 .
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3.3 Newton’s 3rd Law
N3L states that when body A is exerting a force on B, body B must also be exerting a force on A.
Furthermore, these two forces are always equal in magnitude but opposite in direction. This means
that every force has a buddy force. And they come in and out of existence simultaneously, always as
an equal-but-opposite pair. Isn’t that sweet?

If A slaps B and B slaps A back in retaliation, are these two slaps a N3L pair? No way. Firstly, these
two slaps are not simultaneous. Secondly, they are not (always) equal in magnitude! And what if B
does not to slap A back, has he violated N3L?

N
W

Another common mistake is to mistake any two forces which happen to be equal-but-opposite for a
N3L pair. For example, when a man is standing still, the gravitational pull W and the normal contact
force N acting on the man are equal in magnitude but opposite in direction. But W and N are not an
N3L pair. The tell-tale signs include:
(1) They are different in nature. W is gravitational but N is electrical.
(2) They do not act on “each other” or “opposite bodies”. In fact both W and N are acting on the man.
(3) If the man jumps in the air, W is still W but N is gone.
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When you truly understand N3L, you will realize that the term action-reaction is a misnomer because,
really, the pair of forces must happen together. They are equal partners and neither force is more
active nor more reactive than the other.
Now try identifying the action-reaction pair in the situations depicted below. You can check your
answers at xmphysics.com.

watch video on xmphysics.com
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3.3.1 Principle of Conservation of Momentum
If forces must come in equal but opposite pairs, then impulses must also come in equal but opposite
pairs. Wouldn’t that mean that the momentum changes caused by these impulses must also be equal
but opposite? What is the net change in momentum then? Zero!
This powerful insight is called the principle of conservation of momentum. In a nutshell, PCOM says
that since internal forces always come in action-reaction pairs, only an external force can change the
total momentum of a system.
Consider an 80-kg astronaut floating in deep space holding a 2-kg spanner in his hand. He then
throws the spanner rightward, exerting a 200 N force on the spanner for 0.10 s before the spanner
leaves his hand.
V
v

pi=0
before

pf=0
after

In other words, the astronaut exerted a rightward impulse of 200 N  0.10 s  20 N s on the spanner.
By N3L, the spanner must have exerted a leftward impulse of 20 N s on the astronaut.
For the spanner,

( J  m v )
20  2.0( v )
v  10 m s 1

So the final velocity of the spanner is 10 m s-1 rightward.
For the astronaut,

(J  mv )
20  80( v )
v  0.25 m s1

So the final velocity of the astronaut is 0.25 m s-1 leftward.
The magnitude of momentum change for both the astronaut and the spanner are the same. But the
velocity change of the astronaut is 1/40 that of the spanner, since its mass is 40 times as large.
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Now what about the total momentum? Before the throw, everything was at rest so the total initial
momentum

p

f

was

p

i

 (2.0)(0)  (80)(0)  0 . After the throw, the total momentum is

 (2.0)(10)  (80)( 0.25)  0 .

Obviously, as individual masses, the momentum of the astronaut and the momentum of the spanner
have changed. But as an astronaut-plus-spanner system, the total momentum remains unchanged.
Without any external force acting on the astronaut-spanner system, the total momentum must be
conserved.
PCOM is readily observable in real life. Rifle recoils is probably one of the most dramatic reminders
of PCOM.

see videos at xmphysics.com

Worked Example 9
An 80-kg astronaut is drifting leftward at 1.5 m s-1 holding a 2-kg spanner in his hand. He then throws
the spanner rightward. If the final velocity of the spanner is 9.0 m s-1 rightward, what is the final velocity
of the astronaut?
1.5 m s-1
9.0 m s-1
v

before

after

Solution
By PCOM,

p  p
i

f

80( 1.5)  2( 1.5)  80( v )  (2)(9.0)
v  1.76 m s1
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3.3.2 Types of Collisions
We are now ready to study the 2-body collision problem: Given that 2 masses m1 and m2 travelling at
speeds u1 and u2 collide head-on, what are their speeds v1 and v2 after the collision?

u1
m1

u2

v1

m2

m1

before

during collision

v2
m2

after

Obviously, the outcome must obey PCOM. So

 pi   pf
m1u1  m2u2  m1v1  m2v 2
But with one equation but two unknowns v1 and v2, aren’t there going to be an infinite number of
possible solutions? But that is impossible in practice. It turns out that the outcome of any collision is
also dependent on the elasticity of the collision. So what is elasticity?
Unlike total momentum (which must be conserved), some kinetic energy can be “lost” (as heat,
deformation energy, sound, etc) during a collision. So the total KE after the collision is lower than the
total KE before the collision. The less KE lost, the more elastic the collision. Conversely, the more KE
lost, the more inelastic the collision. So


A (perfectly)4 elastic collision is one which retains 100% of the initial total KE.



A perfectly inelastic collision is one which retains the least amount (not necessarily zero) of initial
total KE. It can be shown mathematically that this always occurs when v1  v 2 . So visually, m1
and m2 will travel at the same speed in the same direction (aka “stuck together”) after a perfectly
inelastic collision.



Anything in between is called an inelastic collision.

What determines the elasticity of a collision? Main the type of material. Elastic collisions tend to occur
with hard and stiff objects e.g. billiard balls. Inelastic collision tend to occur with soft and malleable
objects e.g. plasticine balls.

We usually omit the word “perfectly”. So if someone says “elastic collision”, by default he means “perfectly
elastic collision”.
4
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For illustration purpose, let’s look at some “classic” collision. (see animations at xmphysics.com)
Let’s start with the head-on collision between two equal masses m with equal initial speed u. Keep in
mind that the total momentum before the collision is mu  m(u )  0 .

u u
m

m
before collision

u

u
m

m

0.75u

0.75u

m

m

0.50u

0.50u
m

m

0.25u

0.25u

m

m

0 0
m m

after collision

Depicted above are just 5 of the infinitely many possible outcomes for such a collision, from the
completely elastic “bouncy balls” collision on top, to the perfectly inelastic “sticky balls” collision at the
bottom. Notice that momentum-wise, all of them have the total momentum of zero after the collision,
as dictated by PCOM. But KE-wise, depending on how elastic the collision is, the amount of total KE
remaining after the collision range from 100% (for the elastic “billiard balls” collision), down to 0% (for
the perfectly inelastic “plasticine balls” collision).
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Another “classic” collision is the one between two equal masses m, one with initial speed of u, and
the other initially at rest. This would make the total initial momentum equal to mu.

0

u
m

m

before collision

0

u

m

m

0.125u

0.875u

m

m

0.250u

0.750u

m

m
0.375u
m

0.625u
m

0.50u 0.50u
m

m

after collision
Again we have the “bouncy balls” on top and the “sticky balls” at the bottom. Again, notice that
momentum-wise, all of them have the total momentum of mu after the collision, as dictated by PCOM.
But KE-wise, only the (perfectly) elastic “billiard balls” retain 100% of the initial KE. The perfectly
inelastic “sticky balls” collision retains 50% (not 0% as in the previous example). Why is it not zero
this time? Because of PCOM! Losing all the KE also means losing all the momentum, which is an
impossible outcome for this collision since we started with initial total momentum of mu. It turns that
even in the most inelastic case, this collision can only lose 50% of the initial total KE.
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3.2.2.1 RSOA=RSOS
In this section, we will derive a short-cut to solving elastic collisions.

u1
m1

u2

v1

m2

m1

m2

during collision

before

v2

after

Since the total KE is constant for an elastic collision, we can write

1
1
1
1
m1u12  m2u22  m1v12  m2v 22
2
2
2
2

(1)

Rearranging, we get
1
1
m1(u12  v12 )  m2 (v 2 2  u2 2 )
2
2
1
1
m1(u1  v1 )(u1  v1 )  m2 (v 2  u2 )(v 2  u2 )
2
2

(2)

Elastic or not, total momentum is always conserved in any collision. So we can write

m1u1  m2u2  m1v1  m2v 2
m1(u1  v1 )  m2 (v 2  u2 )

(3)

Dividing (2) by (3), we get

u1  v1  u2  v 2
u1  u2  v 2  v1

(4)

Notice that u1 – u2 represents the relative speed at which m1 approaches m2 before the collision, while
v2 – v1 represents the relative speed at which m2 separates from m1 after the collision. So, in showing
that equation (1) can be simplified into equation (4), we have stumbled upon a curious fact about
elastic collisions: From the perspective of m2, m1 came at it at the same speed as it went away.
I call equation (4) the RSOA=RSOS equation. (Relative speed of approach = relative speed of
separation). Obviously, it is much simpler than equation (1). For this reason, do yourself a favour. Use
the RSOA=RSOS equation instead of equation (1) to solve elastic collisions.
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3.3.2.2 Elastic Collision
In this section, we will solve for the outcome of elastic collisions, given the initial conditions.

u1

u2

m1

v1

m2

v2

m1

m2

during collision

before

after

Remember that the outcome of an elastic collision is calculated through solving these two equations5:
Elastic:

RSOA  RSOS
u1  u2  v 2  v1

PCOM:

 pi   pf
m1u1  m2u2  m1v1  m2v 2

Worked Example 10
Calculate the outcome of the collision depicted below: elastic collision of two equal masses m both
with initial speed u.

u

v1

u

m

m

m

before

during collision

v2
m

after

Solution
Elastic:

RSOA  RSOS
u  ( u )  v 2  v1
v 2  v1  2u

PCOM:

(1)

 pi   pf
mu  m( u )  mv1  mv 2
v1  v 2  0

(2)

5

Notice that the above equations are written assuming all the velocities are rightward. Obviously, the signs
must be adjusted if any velocity is leftward or assumed to be leftward.
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Solving (1) and (2) equations yield
v2  u

v1  u

Note that because v1 was assumed to be rightward, the negative sign informs us that v1 is actually
leftward.
The following graphs depicts the momentum and KE variations for this collision.
mu

p1

total p
0

-mu

time
p2
approach

collision

separation

total KE

time
Note that:


For simplicity, we assume a constant contact force during the collision.



The two masses approach and separate from each other at relative speed of 2u.



The total momentum remains constant (at zero) throughout the collision.



The total KE drops to zero at one point during the collision but returns to 100% by the end of the
collision. The KE is temporarily stored as some form of potential energy (perhaps as elastic PE
as the balls become compressed during the collision), but is returned fully as KE eventually (as
the balls uncompressed to their original state after the collision).
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Worked Example 11
Calculate the outcome of the collision depicted below: elastic collision of two equal masses m, one
with initial speed of u, and the other initially at rest.

u

v1

m

m

m

before

v2
m

after

during collision

Solution

RSOA  RSOS
u  0  v 2  v1

Elastic:

v 2  v1  u

(1)

 pi   pf

PCOM:

mu  0  mv1  mv 2
v1  v 2  u

(2)

Solving (1) and (2) equations yield
v2  u
v1  0

The following graphs depicts the momentum and KE variations for this collision.
mu

p1

total p

p2
0

time
approach

collision

separation

total KE

time
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Note that:


For simplicity, we assume a constant contact force during the collision.



The two masses approach and separate from each other at relative speed of u.



The total momentum remains constant (at mu) throughout the collision.



The total KE drops to 50% at one point during the collision but returns to 100% by the end of the
collision. Note that total KE cannot possibly drop to zero at any instant during the collision because
that would imply both masses come to rest at the same instant, thus violating the PCOM for this
collision.

The newton’s pendulum is probably the most famous demonstration of elastic collisions. Be sure to
check out the newton’s pendulum, in xmphysics-style!

view video at xmphysics.com

3.3.2.3 Perfectly Inelastic Collision
Perfectly inelastic collisions are even easier to solve than elastic ones. This is because the two balls
have the same velocity after the collision.

u1
m1

u2

v v

m2

m1 m2

before

during collision

So a perfectly inelastic collision can be solved in one equation:
PCOM:

 pi   pf
m1u1  m2u2  (m1  m2 )v
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after

Worked Example 12
Calculate the outcome of the collision depicted below: perfectly inelastic collision of two equal masses
m, both with initial speed of u.
v
u

u

m

m

m m

before

during collision

after

Solution
 pi   pf

PCOM:

mu  m( u )  2mv
v 0

The following graphs depicts the momentum and KE variations for this collision.
mu

p1

total p
0

-mu

time

p2
approach

collision

separation

total KE

time
Note that:


For simplicity, we assume a constant contact force during the collision.



The total momentum remains constant (at zero) throughout the collision.



The total KE drops to 0% permanently after the collision. So what happened to all the KE? Stored
as intermolecular potential energy if the chemical structure is permanently deformed. Dissipated
as heat if the molecules vibrate. Carried away as sound energy. These are the usual suspects.
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Worked Example 13
Calculate the outcome of the collision depicted below: perfectly inelastic collision of two equal masses
m, one with initial speed of u and the other initially at rest.
v
u
m

m

m m

before

during collision

after

Solution
 pi   pf

PCOM:

mu  0  2mv
u
v
2

The following graphs depicts the momentum and KE variations for this collision.
mu

total p

p1

p2
0

time

approach

collision

separation

total KE

time
Note that:


For simplicity, we assume a constant contact force during the collision.



The total momentum remains constant (at mu) throughout the collision.



The total KE drops to 50% permanently during the collision.
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3.3.2.4 “Classic” Collisions
We have seen earlier the outcomes of “sitting duck” and “jousting” collisions under both (perfectly)
elastic and perfectly inelastic conditions, for two equal masses. Another interesting scenario is when
one mass is a lot heavier than the other. See if you can work out in your head the outcomes of the
following 12 collisions. Check your answers at http://www.xmphysics.com/3.3.2.4.
“Sitting Duck” Collisions (Elastic)
u
m

“Sitting Duck” Collisions (Perfectly Inelastic)

0

u

m
u

m

0

u

m
u

0.1m

10m

u

0.1m

0
0.1m

10m

0

0

0

0.1m
10m

10m

“Jousting” Collisions (Elastic)

“Jousting” Collisions (Perfectly Inelastic)

u u

u u

m

m

m

u u

u u
0.1m

10m

m

0.1m

10m

u u

u u

0.1m

0.1m
10m
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3.4 Forces
3.4.1 Frictional Force
When two surfaces are pressed into
each other, they repel each other
(looks like the molecules do not want
to get too close). Since these forces
act normally (i.e. perpendicularly) to
the surfaces, they are called the
normal contact force (N).
If the two surfaces are also sliding against each other, or trying to slide against each other, they will
attract each other sideway (looks like the molecules can’t bear to leave each other either). These
forces act parallel to the surfaces, but we don’t call them parallel contact force. Instead, we call them
the frictional force (f). Personally, I always imagine friction to be some kind of quirky glue that sticks
two surfaces together. Quirky because it sticks only “sideway”, parallel to the surfaces.

see video at xmphysics.com

Newbies tend to associate friction with a force that opposes motion. That’s an unfair statement. As
the force responsible for the “grip” between your shoes and the floor and for the “traction” between
vehicle tyres and the road, friction literally keeps us moving. It works because friction does not oppose
motion per se. What friction opposes is relative motion (between the two surfaces). You may not be
aware of it, but we walk by trying to slide our feet backward against the floor surface. This generates
a pair of frictional forces (N3L pair). The forward one (by floor on feet) propels us forward. The
backward one (by feet on floor) nudges the floor slightly, in theory. Vehicles achieve the same effect
by spinning the tyres.
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3.4.1.1 Laws of Friction (beyond H2 syllabus)
The syllabus does not require you to know about the coefficients of friction. So you won’t be tested
on it. But because they explain so much about our everyday experience, I think they are worth at least
an introduction.
Let’s start with this empirical6 law of friction,
f  N

which says that the frictional force f (between two surfaces), is directly proportional to the normal
contact force N (between those two surfaces). In other words, two surfaces can grip each other better
if they are pressed against each other harder. This is more fridge magnets work. The magnetic
attraction creates a large N, allowing for a larger f.
The constant of proportionality is called the coefficient of friction . It is dependent on the material of
the two surfaces. Some surfaces are by nature “stickier” than others.

see video at xmphysics.com

I am sure everyone has had the experience of trying to push a heavy piece of furniture along the floor
(too weak to lift and carry).

N
F
f

W

“Empirical” means “not theoretical”. Empirical laws are derived from observations without an universally
accepted theoretical basis. Empirical laws are usually accurate most of the time, except when they aren’t.
6
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It usually goes like this. Since the object is very heavy, our initial push is usually too weak to overcome
the frictional force f. So we increase our force F gradually, eventually reaching the tipping point
whereupon the object jerks forward. Once the object starts moving, we only need to apply a smaller
force F to to keep it moving (at a constant speed) by continuing to push it. If we sketch the variation
of F with time t, we get a graph that looks something like this.

F
μs N

μkN

object moving at
constant speed

object remains
at rest

t

Since F  f all the time (do you know why?), this graph is also showing us how f varied with t during
the motion.
Cleary, there are two types of friction. When the two surfaces are at rest (relative to each other), the
static friction fs can vary between zero and a maximum value.
fs  s N

But when the two surfaces are moving (relative to each other), the kinetic friction fk is a constant value.
fk  k N

Engineers have compiled the list of coefficients for different pairs of material. A sample is given below.
Materials

s

k

Aluminium on Steel

0.61

0.47

Rubber on Concrete

1.0

0.8

Wood on Wood

0.25-0.5

0.2

Ice on Ice
0.1
Source: https://www.physlink.com/reference/frictioncoefficients.cfm

0.03

As you can see, usually s  k . This corroborated with our everyday experience. Once we get a
heavy object sliding on the floor, the “resistance” decreases sharply. Does the frictional force increase
if the object slides faster? Surprisingly, no. Neither does the contact area. All that matters is t he
material of the two surfaces () and how hard they are pressed against each other (N).
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3.4.2 Drag Force
When an object moves through a fluid (i.e. liquid or gas), it experiences a retardation force that
impedes its motion. Generally we call it the drag force. But if the fluid is air, we call it air resistance. If
you had ridden on a speeding motorbike, you would have felt the full brunt of air resistance on your
face. If you had waded through water or mud, you would have experienced drag force on your feet.
The H2 syllabus only requires you to know that the drag force increases with the speed (at which the
object is moving in the fluid). If calculations are needed, you will be told whether to assume
2
D  kv or D  kv

Common sense also tells everyone that besides speed, the dimension (mainly the cross-sectional
area) and shape of the object (streamline or not), the density and viscosity of the fluid can have an
effect on the magnitude of D.

see video at xmphysics.com
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3.4.2.1 Laws of Drag Force (beyond H2 syllabus)
Drag is a complex phenomenon. In fact, the total drag force arises from two different causes: the
inertia drag and the viscous drag.
Inertia Drag
As the object bulldozes its way through the fluid, it must “push out of the way” the fluid molecules they
encounter. The rate at which forward momentum is imparted to the fluid molecules determines the
magnitude of the retardation force experienced by the object (N2L and N3L). This cause of drag force
is called the inertia drag Fi. It has the formula

1
Fi  CD Av 2
2
where CD is the drag coefficient, a number that depends on the shape of the object. If an object is
more streamline, it has a lower CD since less fluid molecules need to be pushed forward.
Viscous Drag
The viscous drag Fv involves frictional forces between layers of fluid flowing around the object. For a
spherical object with radius r, it has the formula
Fv  6 rv

where η is the viscosity of the fluid. Obviously viscosity plays a part because there is more friction
between layers of honey than say water.
Reynolds number

The ratio of inertia drag Fi to viscous drag Fv is called the Reynolds number R.
R

Fi
Fv

When R >> 1, (which typically occurs at high speed when flow is turbulent) the inertia drag is the
dominant drag force. So drag force D is proportional to v2 at high speed.

D  kv 2
When R << 1, (which typically occurs at low speed when flow is laminar) the viscous drag is the
dominant drag force. So drag force D is proportional to v at low speed.
D  kv
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3.4.3 True Weight and Apparent Weight
Let’s have a 60-kg elevator man stand on a weighing scale in a stationary elevator. For ease of
discussion, we will take g to be 10 m s-2.

N
m

a=0

mg

N’
This means the Earth pulls the man downward with a gravitational pull of mg  600 N . The man in
turn pushes the weighing scale downward with a normal contact force of N '  600 N . The weighing
scale “feels” this 600 N force, and displays a reading of 60 kg.
Now take a look at the following statements.
A: The weight of the man is 600 N. (mg)
B: The man’s weight of 600 N acts on the weighing scale. (N’)
C: The man weighs 60 kg. (m)
Do you realize that when somebody says “weight”, he could be referring to mg, N’ or even m? But m
is the mass of the man, mg is the gravitational force that Earth exerts on the man, and N’ is the normal
contract force that the man exerts on the weighing scale. They are all different from one another – m
is not even a force, and mg and N’ are the same magnitude only if the man is having zero acceleration
(refer to Section 3.2.1.1).
One may note that mg is a constant force, whereas N’ can be larger or smaller than mg (or even zero)
depending on the man’s acceleration. For this reason, mg is often called the true weight, whereas N’
is referred to as the apparent weight.
Personally, I think it makes more sense for N’ to be called the weight (because of the wide usage of
this meaning of “weight” in statements such as “the astronaut is weightless”, “the weight of the man
caused the chair to collapse”, “shift your weight more to your left foot”, etc), and for mg to be referred
to strictly as gravitational pull. But instead, we have chosen for mg to be called the (true) weight, and
N’ (which is kind of like a “by-product” of mg, or what mg is measured to be, or appears to be) to be
interpreted as the apparent weight.
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