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Laws of motion and momentum 
 

Forces and motion 

 

We have already seen that if a single force acts on an object, then it will accelerate.  To 

accelerate a car the driver presses down on the accelerator pedal.  This increases the pull of 

the engine that provides a forward force.   If they press the pedal down further, the pull of the 

engine is greater and the acceleration increases. 

 

Newton's First Law of Motion: 

 

I. Every object in a state of uniform motion tends to remain in that state of motion unless an 

external force is applied to it. 

 

Newton's Second Law of Motion: 

 

II. The relationship between an object's mass m, its acceleration a, and the applied force F is F 

= ma. Acceleration and force are vectors (as indicated by their symbols being displayed in 

slant bold font); in this law the direction of the force vector is the same as the direction of the 

acceleration vector. 

 

Newton's Third Law of Motion: 

 

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

 
Question: Ben is driving along a road and wants to go faster.  He puts his foot on the accelerator.  

How does this change the force acting on his car? 

___________________________________________________________________________

_______________________________________________________________ 

 
Isaac Newton discovered that the acceleration so produced is directly proportional to the force 

applied to it (as the force applied increases then so does the acceleration that is produced). 

 

F α a which implies that F = constant x a 

 

This constant actually equals the mass of the object and so F = ma 

                                                                                                             

Remember F = Newtons, mass = kilograms, a = metres / second 2 

 

 

Questions using F = ma 

 

(1) Complete the formula triangle so that F = ma can be rearranged at will 

 

 

 

 

 

 

             

(2) A sledge has a mass of 10 kg.  A boy pulls it with a force of 20 N.  What is its 

acceleration? 

___________________________________________________________________________

___________________________________________________________________________ 
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(3) Trains accelerate very slowly out of stations.  Why is their acceleration very much slower 

than that of a car? 

___________________________________________________________________________

___________________________________________________________________________ 

 

This experiment refers to the experiment shown below where a trolley is pulled between a 

light gate which measures its acceleration. 

 
(a) Explain how this experiment demonstrates that F = ma 

___________________________________________________________________________

___________________________________________________________________________ 

 

(b) How many cords are needed to accelerate a trolley of mass 4kg at 0.5m/s2 

___________________________________________________________________________

___________________________________________________________________________ 

 

(c) Four cords acting on a trolley of mass 3kg produce acceleration equal to what?   

___________________________________________________________________________

__________________________________________________________________________                            

                         

(d) The trolley in this experiment has frictional forces acting upon it. What effect does friction 

have on your results? 

___________________________________________________________________________

___________________________________________________________________________ 

 

(e) What can you do to help compensate for friction? 

___________________________________________________________________________ 

 

Question: A driver traveling on the motorway at 30m/s takes her foot off the accelerator and 

slows to 27m/s in 6s. 

 
(a) Calculate the size of her deceleration. 

___________________________________________________________________________

___________________________________________________________________________ 
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(b) The mass of the car is 1000 kg. Calculate the size of the wind resistance and frictional 

forces that are acting on the car. 

___________________________________________________________________________

___________________________________________________________________________ 

Question: Explain why a parachute is used as the space shuttle lands 

___________________________________________________________________________

___________________________________________________________________________ 

 

Question: What net force is needed to give a car of mass 1000kg an acceleration of 4 m/s2? 

___________________________________________________________________________

___________________________________________________________________________ 

 

Pairs of forces 

 

Forces always occur in pairs.  Whenever two objects collide, the forces on each are of equal 

size but in opposite directions. 

 

Question:  A large van and a small car collide together.  They push backwards on each other 

with the same force.  Which will be pushed backwards most?  Explain why. 

___________________________________________________________________________

___________________________________________________________________________ 

 

Question:  A car with a mass of 1200 kg has resultant force acting on it of 4200N.  Find the 

acceleration. 

___________________________________________________________________________

___________________________________________________________________________ 
 

Summary questions 

 

[1] A car is travelling at constant velocity.  State the resultant force on the car 

___________________________________________________________________________

___________________________________________________________________________ 
 

[2] A person of weight 600N is standing still on the ground.  State and explain the force 

exerted by the person on the Earth. 

___________________________________________________________________________

___________________________________________________________________________ 
 

[3] Two magnets repel each other.  State and explain the resultant force acting on the 

magnets. 

___________________________________________________________________________ 
 

[4] Explain how Newton’s laws can be used to explain how a person runs on a road. 

___________________________________________________________________________

___________________________________________________________________________ 

 

[5] A bird weighs 150N. 

 

[a] State the acceleration of free-fall on this bird. 

___________________________________________________________________________ 

 

[b] Calculate the acceleration of the Eartyh towards this bird [The mass of the Earth = 5.97 x 

1024 kg]. 

___________________________________________________________________________

___________________________________________________________________________ 
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The conservation of linear momentum 

 

For two objects with initial masses of m1 and m2 and initial velocity of u1 and u2 with final 

velocities after collision to be v1 and v2, we can write the law as: 

 

m1 u1 + m2 u2 = m1v1 + m2v2 

 

In other words, the total momentum of two moving objects before collision is equal to the 

total momentum of these two objects after collision. 

 

Elastic and inelastic collisions 

 

Momentum and total energy are both conserved when two objects collide.  All the kinetic 

energy could be retained by the objects, or the kinetic energy could be transformed into other 

forms of energy such as heat and sound.  In a collision of two cars, the kinetic energy could 

be completely transformed as the two cars crumple and deform. 

 

There are two types of collisions: perfectly elastic and inelastic. 

 

Type of collision Momentum Total energy Total kinetic energy 

Perfectly elastic Conserved Conserved Conserved 

Inelastic Conserved Conserved Not conserved 

 

Summary questions 

 

[1] State two quantities that are conserved in all collisions. 

___________________________________________________________________________

___________________________________________________________________________ 

 

[2] Two identical objects, each of mass 2.0kg, collide.  After the collision, the loss of 

momentum for one of the objects is 120 kgm-1.  Calculate the change in momentum of the 

other object and its change in velocity. 

___________________________________________________________________________

___________________________________________________________________________ 

 

[3] A stationary cannon of mass 1200kg fires a 20kg shell at a velocity of 300ms-1.  Calculate 

the recoil speed of the cannon.  Explain your answer. 

___________________________________________________________________________

___________________________________________________________________________ 

 

[4] A bumper car of mass 300kg moving at 2.5 ms-1 collides head on with another bumper car 

of mass 400kg moving at 4.0ms-1 in the opposite direction.  The 400kg bumper car stops after 

the collision. 

 

[a] Calculate the final velocity of the 300kg bumper car. 

___________________________________________________________________________

___________________________________________________________________________ 

 

[b] Calculate the change in the kinetic energy of the bumper cars. 

___________________________________________________________________________

___________________________________________________________________________ 

 

[c] State and explain the type of collision between these bumper cars. 

___________________________________________________________________________

___________________________________________________________________________ 
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The momentum of the car affects braking distances 

 

A large rugby player running very fast is going to be a lot harder to stop then a thin, light rugby 

player out for an afternoon stroll.  This is due to their different momentum.   

 

Momentum (kg m/s) = Mass (kg) x Velocity (m/s) = momentum (Ns) 

 

Momentum (Ns) = Force (N) x time (s) 

 

Another way of explaining momentum is to say that it represents the amount of push force needed 

to bring a moving object to a halt over a period of time. 

 

Example: A 65kg kangaroo is moving in a straight line at 10 m/s.  Calculate its momentum. 

 

Answer: Momentum = mass x velocity = 65 x 10 = 650 kg m/s = 650 Ns.  This means that the 

kangaroo can be brought to a stop by a force of 650N in 1 second.  Alternatively it can be stopped 

by a force of 65N in 10 seconds 965 x 10 = 650Ns). 

 

Momentum has size and direction – like velocity (not speed).  Again, this is because the Newton 

component is a vector quantity. 

 

Forces cause changes in momentum 

 

When a force acts on an object, it causes a change in momentum. 

 

Momentum = mass (kg) x velocity (m/s) = kg m/s = Newton second = Force acting (N) x time (s) 

 

Therefore Force acting on a moving object (Newtons) = Momentum (kg m/s) / time (s) 

 

Often in questions, we talk about a moving object, which changes its momentum because of an 

external force being applied to it.  The time taken for that change in momentum then needs to be 

calculated. 

 

Hence: Force acting (N) = Change in momentum (kg m/s) / time taken for change to happen (s) 

 

Example: A rock with mass 1kg is travelling through space at 15m/s 

A comet hits the rock giving it a resultant force of 2500N for 0.7 seconds. 

Calculate (a) The rock’s initial momentum and (b) The change in its momentum resulting from 

the impact. 

 

Answer:  

(a) Momentum = mass x velocity = 1 x 15 = 15 kg m/s 

(b) Using the formula triangle, change in momentum = force x time = 2500 x 0.7 = 1750 kg m/s 

 

Question: Explain what happens to momentum under the following conditions: 

 

(a) The time taken (t) for the change in momentum to occur is small. 

________________________________________________________________________ 

 

(b) The time taken (t) for the change in momentum to occur is big. 

________________________________________________________________________ 

 

Question: Explain what happens to force under the following conditions: 

 

(a) The change in momentum is large (hint more likely to cause injury). 

___________________________________________________________________________

___________________________________________________________________________ 
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(b) The change in momentum is small (hint less likely to cause injury). 

________________________________________________________________________ 

 

This is why cars are designed to slow people down over a longer time when they have a crash.  

The longer it takes for a change in momentum, the smaller the force, which reduces the injuries. 

 

Newton’s second law of motion and momentum 

F = ma 
 

Now a = (final velocity – initial velocity) / (Final time – initial time) 

 

a = Δv / Δt   

 

Therefore F = ma = m (Δv / Δt) = m Δv / Δt = Δp / Δt 

 

Therefore Force = change in momentum divided by time. 

 

Now the change in momentum is called the impulse of the motion. 

 

It can be seen that if the final momentum = 0, then the impulse = initial momentum of the 

object i.e. the momentum that it posses when it strikes something which will bring the moving 

object to a stop. 

 

Question: in a crash test at 14ms-1, a 4.5kg dummy head hits the steering wheel and comes to 

a rest in 9.1ms.  Calculate the net force acting on the head in the impact. 

 

Answer; Initial velocity u = 14ms-1, final velocity v = 0ms-1, Δt = 9.1 x 10-3s, m = 4.5kg 

 

F = Δp / Δt 

 

We now need to determine the change in momentum Δp 

 

Δp = final momentum – initial momentum 

 

Δp = (4.5 – 0) – (4.5 x 14) = -(4.5 x 14) 

 

Finally, substitute the values above into the equation to calculate F; 

 

F = Δp / Δt = -(4.5 x 14) / (9.1 x 10-3s) = -6.9 x 103 N 

 

N.B: The magnitude of the force is 6.9Kn, roughly 10 times your weight.  The minus means 

that the net force is opposite to your initial velocity, so the net force causes a deceleration. 

 

Why is momentum conserved in collisions? 

 

 
 

The principle of conservation of momentum is due to Newton’s third law: 

 

After collision, both objects colliding will experience an equal an opposite force against them 

in the opposite direction to their initial motion. 
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The net force on this closed system is therefore zero. Also F = Δp / Δt = 0. 

 

The change in momentum Δp of both objects must therefore be zero; therefore the total 

momentum does not change.   

 

Momentum is always conserved. 

 

Summary questions 

 

[1] In a period of 5.0s the change in momentum of a car is 1.2 x 104 kg ms-1.  Calculate the net 

force acting on the car. 

___________________________________________________________________________ 

 

[2] A force of 150N acts on a ball for a time of 0.025 seconds.  Calculate the change in 

momentum of the ball. 

___________________________________________________________________________ 

 

[3] The mass of a rocket is 2.3 x 106 kg and its velocity is 1.2 x 103 ms-1.  After burning fuel 

for 200 seconds, its mass has decreased to 1.0 x 106kg and its velocity has decreased to 3.4 

ms-1.  Calculate the force acting on the rocket. 

___________________________________________________________________________ 

 

[4] A 150g ball travelling at 15ms-1 hits a wall at right angles and rebounds at the same speed.  

The ball is in contact with the wall for 0.025 seconds.  Calculate the force exerted by the wall 

on the ball. 

___________________________________________________________________________ 

 

[5] A hosepipe squirts water at a rate of 2.5kgs-1.  The speed of the water in the hosepipe is 

4.0ms-1.  Calculate the force needed to push the water out of the hosepipe. 

___________________________________________________________________________ 

 

More on impulse 

 

F = Δp / Δt  Therefore F x Δt = Δp [impulse] 

 

Therefore if we draw a force-time graph then the area under the graph is equal to the impulse. 
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Question: A stationary squash ball of mass 0.025kg is hit with a racket.  Use the force – time 

graph for the ball in the graph below to determine the final velocity ‘v’ of the ball. 

 
Answer: The area under the graph is equal to the impulse of the force.  Calculate the area 

under the triangle. 

 

Impulse = area = ½ x 40 x 50 x 10-3 (remember 1ms = 10-3s) 

 

Δp = 1.0Ns or kg ms-1 

 

The impulse of the force is equal to the change in momentum.  Use the mass of the ball to 

calculate the final velocity. 

 

Δp = mv – mu = 0.025v – 0 [because u = 0] 

 

0.025v = 1.0 

 

v = 1.0 / 0.025 = 40 ms-1 = final velocity of the ball. 

 

Photons have momentum 

 

The momentum of a photon is given by p = h / λ 

 

Where h = Planck’s constant = 6.63 x 10-34 Js 

 

And λ = wavelength of the photon. 

 

Photons exert a tiny force when they collide with objects.  Our sun is a source of photons.  

These photons exert a radiation pressure of about 9.1μPa at the Earth. 

 

[1] State and explain how the momentum of a photon depends on its wavelength. 

___________________________________________________________________________ 

 

[2] Calculate the momentum of a visible light photon of wavelength 900nm.   

___________________________________________________________________________ 
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[3] Estimate the area required to produce a force of 1N at the Earth from the radiation 

pressure from the Sun. 

___________________________________________________________________________ 

 

Summary questions 

 

[1] State the SI units for impulse and momentum. 

___________________________________________________________________________ 

 

[2] A constant resultant force of 200N acts on a car for 5.0s.  Calculate the impulse of the 

force. 

___________________________________________________________________________

___________________________________________________________________________ 

 

[3] A stationary 0.050kg ball experiences an impulse of 1.1Ns.  Calculate its final velocity. 

___________________________________________________________________________

___________________________________________________________________________ 

 

[4] The force F against time t for a proton is shown in the graph below; 

 
[a] Calculate the change in momentum of the proton. 

___________________________________________________________________________

___________________________________________________________________________ 

 

[b] The initial velocity of the proton = 5.0 x 104 ms-1.  Calculate its final velocity.  The mass 

of the proton is 1.7 x 10-27 kg. 

___________________________________________________________________________

___________________________________________________________________________ 

 

 

 

 

 

 

 

 

 10 

Collisions in two dimensions 

 

 
 

Question: A 160g white ball travelling at 4.0ms-1 hits a stationary 170g black ball (diagram 

previously shown).  After the impact, the balls move apart at approximately 900 to each other, 

with the white ball travelling at 2.5 ms-1.  Calculate the magnitude of the final velocity of the 

black ball. 

 

Answer: Step 1: select the equation you need and calculate the momentum of each ball. 

 

p = mv 

 

Initial momentum of white ball = 160 x 10-3 x 4.0 = 0.64 kg ms-1 

 

Initial momentum of black ball = 0 

 

Final momentum of white ball after impact = 160 x 10-3 x 2.5 = 0.40 kg ms-1 

 

Step 2: Consider the vector diagram for this model shown previously for the momenta after 

impact.  These momenta must add up to the initial momentum of 0.64 kg ms-1 

 

Step 3: Use Pythagoras’ theorem to determine the final momentum ‘p’ of the black ball. 

 

p2 = 0.642 – 0.402 = 0.25 

 

p = 0.50 kg ms-1 

 



 11 

Step 4: use the equation p = mv to calculate the velocity of the black ball. 

 

0.50 = 0.170 x v therefore v = 0.50 / 0.170 = 2.9 ms-1  

 

Resolving momentum 

 

 
The white ball travels at velocity v0 and collides with the stationary black ball.  After the 

collision, the white ball travels at angle θ1 to the original direction with velocity v1, and the 

black ball travels at an angle θ2 with velocity v2. 

 

The momentum in any direction must be conserved.  In this case, the momentum must remain 

the same in the x – direction and the y – direction. 

 

x-direction; total initial momentum = total final momentum 

 

m 1v0 = m 1v 1cos θ1  + m 2 v 2 cos θ2   

 

y-direction; total initial momentum = total final momentum 

 

0 = m 1v 1sin θ1  + m 2 v 2 sin θ2   

 

Summary questions 

 

[1] Two objects of the same mass have an oblique collision.  State the angle between the 

directions in which the two objects travel after the collision. 

___________________________________________________________________________

___________________________________________________________________________ 
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[2] The diagram below shows the momentum of two objects X and Y before and after a 

collision.  Explain how you can tell that the collision is incorrectly represented. 

 
___________________________________________________________________________

___________________________________________________________________________ 

 

[3] The diagram below shows the final momenta of two particles after a collision.  Calculate 

the angle of the initial momentum of the particles.  Explain your answer. 

 
___________________________________________________________________________

___________________________________________________________________________ 

 

[4] Two objects collide at 900 to each other and stick together (diagram below).  Calculate the 

magnitude of their final velocity. 

 
___________________________________________________________________________

___________________________________________________________________________ 

 

Practice questions 
 

[1] (a) Derive the base units of momentum 

___________________________________________________________________________

___________________________________________________________________________ 

 



 13 

[1] (b) A stationary tennis ball of mass 60g is hit with a racquet.  The graph below shows the 

Force F on the ball against the time t of impact between the racquet and the ball. 

 
The area under the graph is 3.2 Ns. 

 

(i) Calculate the final velocity of the ball. 

___________________________________________________________________________ 

 

(ii) Show that the maximum force acting on the ball is about 1 kN. 

___________________________________________________________________________

___________________________________________________________________________ 

 

(iii) Describe and explain the motion of the racket after it has hit the ball. 

___________________________________________________________________________

___________________________________________________________________________ 

 

[2] (a) Define the impulse of a force. 

___________________________________________________________________________

___________________________________________________________________________ 

 

[2] (b) A driving force acts on a stationary car on a level road.  The first graph shows the 

variation of the net force. 

 

F acting on the car with time t 
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(i) Describe how the acceleration of the car changes time t = 0 to t = 3.0 seconds 

___________________________________________________________________________

___________________________________________________________________________ 

 

(ii) On the second graph show the variation of the velocity of the car with time t.  You are not 

expected to show the values on the v – axis. 

___________________________________________________________________________

___________________________________________________________________________ 

 

(iii) The mass of the car is 1200kg.  Calculate the final kinetic energy of the car. 

___________________________________________________________________________

___________________________________________________________________________ 

 

[3] (a) State Newton’s second law of motion. 

___________________________________________________________________________

___________________________________________________________________________ 

 

[3] (b) use Newton’s second law of motion to show how the net force F acting on an object is 

related to its mass m and acceleration a 

___________________________________________________________________________

___________________________________________________________________________ 

 

[3] (c) An 80 gram ball is dropped from a height h above the ground.  It has a speed of 5.4 m/s 

just before it hits the ground.  After hitting the ground, it has a rebound speed of 3.0 ms-1. 

 

(i) Calculate the height h of the ball.  State any assumptions made. 

___________________________________________________________________________

___________________________________________________________________________ 

 

(ii) The graph below shows Force F exerted by the ground on the ball against the time t of 

contact between the ball and the ground. 
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Sketch on the graph to show the variation of the force exerted by the ball on the ground.  

Explain your answer. 

___________________________________________________________________________ 

 

(iii) Calculate the magnitude of the change in momentum of the ball. 

___________________________________________________________________________ 

 

[4] This question is about pressing a red hot bar of steel into a sheet in a rolling mill. 

 

(a) A bar of steel of mass 500kg is moved on a conveyor belt at 0.60 ms-1. 

 

Calculate the momentum of the bar, giving a suitable unit for your answer. 

___________________________________________________________________________ 

 

(b) From the conveyor belt, the bar is pressed between two rollers, shown below.  The bar 

enters the rollers at 0.60 ms-1.  The rollers flatten the bar into a sheet with the result that the 

sheet leaves the rollers at 1.8 ms-1 

 
(i) Explain why there is a resultant horizontal force on the bar at the point immediately 

between the rollers. 

___________________________________________________________________________

___________________________________________________________________________ 

 

(ii) In which direction does this force act? 

___________________________________________________________________________

___________________________________________________________________________ 

 

(iii) The original length of the bar is 3.0m.  Calculate the time it takes for the bar to pass 

between the rollers. 

___________________________________________________________________________

___________________________________________________________________________ 
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(iv) Calculate the magnitude of the resultant force on the bar during the pressing process. 

___________________________________________________________________________

___________________________________________________________________________ 

 

[5] The diagram below shows the masses and velocities of two objects A and B moving 

directly towards each other.  A and B stick together on impact and move with a common 

velocity v. 

 
(i) Determine the velocity v, stating its magnitude and direction. 

___________________________________________________________________________

___________________________________________________________________________  

 

(ii) Determine the impulse of the force experienced by the object A and state its direction. 

___________________________________________________________________________

___________________________________________________________________________ 

 

(iii) Explain, using Newton’s third law of motion, the relationship between the impulse 

experienced by A and the impulse experienced by B during the impact. 

___________________________________________________________________________

___________________________________________________________________________ 

 

[6] Collisions between two objects can be described as being either elastic or inelastic. 

 

[a] Complete the following table by placing a tick in the relevant row (s) for each statement 

that is true for each type of collision. 

 

Statement Elastic collision Inelastic collision 

Total momentum for the 

objects is conserved. 

  

Total kinetic energy of the 

objects is conserved. 

  

Total energy is conserved. 

 

  

Magnitude of the impulse on 

each object is the same. 
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[b] A snooker ball is at rest on a smooth horizontal table.  It is hit by a snooker cue.  The 

graph below shows the force F acting on the ball against time t. 

 
(i) Describe how the velocity of the ball varies between t = 0.6 ms and t = 0.9 ms. 

___________________________________________________________________________

___________________________________________________________________________ 

 

(ii) Use the graph to calculate the impulse acting on the ball. 

___________________________________________________________________________

___________________________________________________________________________ 

 

(iii) The mass of the snooker ball is 140kg.  Calculate the final speed of the snooker ball as it 

leaves the cue. 

___________________________________________________________________________

___________________________________________________________________________ 

 

[7] (a) Compare and contrast elastic and inelastic collisions. 

___________________________________________________________________________

___________________________________________________________________________ 

 

[7] (b)  The diagram below shows an object.  It has two sections A and B.  The mass of 

section A is 25% of the total mass of the object.  An explosion within the object ejects A and 

B in opposite directions. 

 
(i) Use Newton’s third law of motion to explain why A and B are ejected in opposite 

directions. 

___________________________________________________________________________

___________________________________________________________________________ 
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(ii) Calculate the ratio  

 

Kinetic energy of A / kinetic energy of B 

 

___________________________________________________________________________

___________________________________________________________________________ 

 

[8] (a) State what is meant by an inelastic collision. 

___________________________________________________________________________

___________________________________________________________________________ 

 

[8] (b) Two objects A and B collide.  The graph shows the variation momentum ρ of A with 

time t before, during and after collision. 

 
(i) Use the graph to determine the magnitude of the change in momentum of B. 

___________________________________________________________________________

___________________________________________________________________________ 

 

(ii) Calculate the magnitude of the force acting on B during the collision.  Explain your 

answer. 

___________________________________________________________________________

___________________________________________________________________________ 

 

[8] (c) The diagram below shows the initial and final states of two trolleys involved in a 

collision. 
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Calculate the velocity v of the 0.80 kg trolley after the collision. 

___________________________________________________________________________

___________________________________________________________________________ 

 

(d) The diagram below shows the initial and final states of two identical balls, X and Y, 

involved in a collision. 

 

 
Before the collision, X has a velocity of 6.0 ms-1 and Y is stationary.  After the collision, X 

has a velocity of 5.2 ms-1 at an angle of 30o to its original direction of travel.  Y is deflected at 

an angle θ and has a velocity of 3.0 ms-1. 

 

(i) Explain why the total momentum in the direction at right angles to the initial velocity of X 

is zero. 

___________________________________________________________________________

___________________________________________________________________________ 

 

(ii) Calculate the angle θ 

___________________________________________________________________________

___________________________________________________________________________ 

 

 


