Chapter 6
Momentum
6.1 Introduction
This chapter discusses the concepts of momentum, a very powerful
and useful idea in physics. This method is handy because it allows us
to look at the entire group of objects as one thing (one system) and
use that information to make predictions about the behavior of the
parts of that system. The most useful applications of momentum
involves collisions between object or explosions (when objects fly
apart from each other).
Before we discuss how to use momentum and what exactly it is, we
need to define a few terms:
System: a system is an object or group of objects considered as
one thing. We have used and defined the terms system before,
both in doing two body force problems, and in the chapter on
energy. An example of a system might be two billiard balls.
Although they are two things, we could count them together as a
system and pretend they are one complete object.
Closed System: most systems that we deal with in science are
closed systems, meaning that the object in the system must stay
in the system. For example, if our system is a rocket ship, then
the fuel in the system must be counted. As the fuel is expelled
out the back to the ship, we must continue to count that fuel in
our system if the system is closed.
Isolated System: a system is called isolated if there are no
outside forces acting on the system. For example, a billiard
ball rolling across a pool table is not isolated, since there is
friction from the table acting on it, as well as gravity. If we
included both the table and the ball in our system, it would
still not be isolated because of gravity.
Quasi-Isolated Systems: this is not an official physics term, I
just made it up. But is should be one. In many, many physics
momentum problems, we are dealing with systems that are not truly
isolated, but we can pretend that they are. Consider the
following, very common physics question: “If an two ice skaters
(60 kg and 90 kg) skate towards each other, both traveling at 2
m/s, and collide, what will be the resulting speed of the pair?
Assume that the ice is near frictionless.” Is this an isolated
system? No, because gravity and the normal force both act on the
skaters. However, since gravity and the normal force will always
be equal in this situation, they effectively cancel each other
out. Thus this is a quasi-isolated system - one that is not
truly isolated, but can be treated as one.
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There are two other terms, relating to forces that also need to be
defined. We have defined these terms before, but we do so again here
as a reminder.
Internal Forces: internal forces are forces that exist completely
within the system, meaning that both the action and the reaction
forces are on objects inside the system. You may recall in the
force chapter that internal forces always cancel each other out,
because the action and reaction are equal and opposite and on the
same object (the system).
External Forces: external forces are forces that originate from
outside the system, and thus cannot be cancelled out.
Notice then, that an isolated system is a system with no external
forces, only internal forces. A quasi-isolated system is on that has
external forces on the system, but the net force is still equal to
zero.
Now, with the definitions out of the way, we can begin our study
of how to use the concept of momentum. The study of momentum is
divided into two categories: non-isolated systems (impulse problems)
and isolated or quasi-isolated systems (conservation of momentum).
The vast majority of momentum problems in a standard first year
physics course are conservation of momentum problems, and although
that is the bulk of this chapter, we will begin with impulse problems.

6.2 Impulse and Change in Momentum
Momentum itself does not technically have a word definition, but
instead is defined mathematically as:
p = mv
Where p is the momentum of the object, m is its mass, and v is the
velocity. If we need to have some sort of word definition, an
unofficial one would be: Momentum is measure of the strength of an
object’s motion. Thus to have more momentum would mean that an object
is moving more strongly. Notice that this is not really a good
definition, but it does give us a sense of what momentum means.
Looking at the formula, we see that units of momentum would be
kgCm/s. This unit does not have its own name, and thus is referred to
simply as kilogram-meters per second.
If we start with Newton’s Second Law and apply it to a nonisolated system, then do a little rearranging, we can end up with a
useful formula involving momentum.
GF = ma
GF = m(Äv/Ät)

since a = Äv/Ät

FÄt = m(Äv)
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FÄt = Ä(mv)

we can move the delta out since mass will
usually not change in a situation.

Each side of this equation is then given a name:
FÄt = Impulse
Ämv = Change in momentum
So, the impulse is equal to the change in momentum of a non-isolated
system.
In this formula, the force must either be constant, or an average
force must be used, or calculus would need to be employed (or, as a
student might guess at this point, a graphical method would need to be
used).
Remember that a delta can always be changed into a final minus
initial, so:
FÄt = m(vf - vi)
Notice how the force and velocities are in bold, meaning they are
vectors. Positives and negatives will become very important in these
problems. We will begin by doing a number of numerical problems, but
there are also a great many conceptual type problems that can be asked
using Impulse and the change in momentum. We will visit those later.
Example 6.2.1
A 75 gram bullet is fired from a gun and achieves a speed of 300 m/s in 0.06 seconds.
What was the impulse imparted on the bullet? What was the average force on the bullet?
What was the change in momentum of the bullet?

Example 6.2.2
That same 75 gram bullet traveling at 300 m/s imbeds itself into a brick wall, coming to a
stop in 0.008 seconds. What was the impulse, force, and change in momentum in that
situation?

Example 6.2.3
A 75 g rubber bullet is fired from a gun at 300 m/s and bounces off a wall. Assuming that
the bounce took 0.008 seconds and it was a perfect bounce with no loss of energy (it
rebounds at 300 m/s in the opposite direction), what is the impulse, force, and change in
momentum of this situation?
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The previous example shows a very interesting result. Bouncing
requires double the change in momentum versus sticking. And if the
time is the same, then the force is doubled. We learned this in a
previous chapter (remember the fan-cart example). So if something
bounces, it will require twice the force. If you have every played
paintball, you know this. Which hurts worse, a paintball that breaks
or a paintball that bounces? The same effect can be seen if you have
ever been hit by a water balloon that failed to break. Another
example is rubber bullets, sometimes used by police to control crowds.
Rubber bullets actually hurt more (since they bounce) but since they
do not enter the body, they don’t do as much damage.
It should be noted that there are two assumptions being made when
we say the bouncing requires twice the force of sticking. An astute
student should be able to figure out what those are. Even though
these are assumptions, and not one hundred percent correct, it usually
does work out that bouncing requires a greater force than sticking.
Before we go back into some of the conceptual examples involving
impulse and change in momentum, let us visit something that was hinted
at previously. We did say that if the force wasn’t constant, we would
have to use calculus or a graphical approach. Let us consider the
graphical method of dealing with impulses and changes in momentum.
If we consider that Impulse = FÄt, then we can see that if we
have a graph of force versus time for an object, the impulse will be
the area under the graph. Consider the following two examples of how
this might be used.
Example 6.2.4
A 40 kg object is propelled by a force according to the graph below. What is the speed of
the object after 5 seconds? After 10 seconds?
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Example 6.2.5
An object is affected by the force shown below and has its velocity changed from 20 m/s
to 25 m/s. What is the mass of the object?

As mentioned previously, impulse and change in momentum are used
very often in conceptual questions. Remembering the formula:
FÄt = Ämv
and how it is used, let us try to answer the following questions. An
astute student will notice that there is an underlying assumption in
most of these questions, and sometimes a physics teacher might forget
to clarify this assumption. It is one of the assumptions made
previously, and it is that when comparing different collisions, we
often assume that both collisions will take the same amount of time.
In the problems below, an asterisk (*) is placed next to a question
that makes this assumption. But again, be wary, not all teachers or
text books bother to clarify this assumption. In most cases this is
not a very bad assumption, and although the reality might be that the
times are different, the main point of the problem is still the same.

Example 6.2.5
Consider punching a pillow versus punching a solid wall. In which situation is the change
of momentum of your hand greater? In which situation is the force on your hand greater?
Why?
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Example 6.2.6
As you drive down a highway, a bug meets its unfortunate demise on your windshield.
Which had the greater change in momentum, your car or the bug? Which experienced a
greater force? Why?

Example 6.2.7
One day, while playing tennis, the strings in your racket break and the ball gets stuck in
the strings. Explain how this might feel different than if you hit the ball normally and had it
bounce off the racket.*

Example 6.2.8
Two magnets rest on a frictionless table, set to attract each other. They are released, and
fly together. If magnet A is 50 g and magnet B is 100 g. Considering only the time from
after they are released, until the moment before they stick together, compare
a.)
b.)
c.)
d.)

their change in momentum
the force acting on each magnet
the impulse affecting each
their change in velocity

Now consider the time from the moment before the contact until the moment after they
contact. Again, compare:
a.)
b.)
c.)
d.)

their change in momentum
the force acting on each magnet
the impulse affecting each
their change in velocity

Example 6.2.9
Considering that the danger and damage during a car crash is based on the change in
momentum of the driver, compare the change in momentum of a driver in a car that is
traveling at 40 mph and strikes a bridge (or other unmovable object) to the change in
momentum of a driver in a car that hits another car head on, with both cars traveling at 40
mph.*
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5.3 Conservation of Momentum in One Dimension
While the concept of impulse and change in momentum are useful,
they make up on a small part of the very useful concept of momentum
(an in general make a up a very small par of a first year physics
course). The vast majority of momentum problems, questions, and
applications come from the second concept called the conservation of
momentum.
While the previous section dealt with systems that had an
external force on them (non-isolated) systems, the Conservation of
momentum deals with isolated (or quasi-isolated) systems.
The conservation of momentum states: In a closed, isolated
system, the total change of momentum must always be zero.
Momentum can be transferred from on object to another, but the
total must remain the same.
We can easily see this from our previous equation:
FÄt = Ämv
If there is no force, this simply becomes:
0 = Ämv
Or, the change in momentum must be zero.
On a side note, an astute student might have noticed by now that
whenever we have something that says “delta something equals zero” we
call that a conservation law. We have seen the conservation of energy
before (ÄE = 0) and now we have the conservation of momentum.
But how do we use the conservation of momentum in a problem? It
is actually quite easy. Since the change must be zero, we follow
these steps:
Steps to solving a momentum problem.
1.)
2.)
3.)
4.)

Pick a point in time during the situation to call “before.”
This is generally just prior to the collision, explosion, or
event.
Pick a point in time to call “after.” Generally this would
be after the event has occurred.
Add up the momentum of each object before, and set the total
equal to the momentum after.
Solve for any unknowns.

This is best illustrated by an example.
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Example 6.3.1
Two objects, shown below collide and bounce off each other. Find the velocity of the
object on the right after the collision.

Example 6.3.2
Two balls collide and stick together as shown in the diagram below. Determine the
resulting velocity of the composite object.

Often, momentum problems appear in terms of word problems, such as the
ones below:
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Example 6.3.3
Suppose a 1300 kg cannon fires an 80 kg cannon ball horizontally at 60 m/sec (with
respect to the earth). What happens to the cannon? (consider the cannon to be resting
on a frictionless surface)

Example 6.3.4
If a 10,000 kg railroad car full of coal rolls down a hill and collides (at v = 4 m/s) with an
empty car (3000 kg) at the bottom in such a manner that they stick together, what will be
the final velocity of the two cars?

Example 6.3.5
A boy (100 kg) stands on a 2000 kg railroad car filled with coal. What would happen if he
began shoveling the coal out of the car? How fast wold he be going if he shoveled out a
100 kg shovel full at 2 m/sec (a 100 kg shovel of coal is obviously unrealistic, but it is used
to make a point)? How fast would he be going after the second shovel?
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Example 6.3.6
The two balls below collide as shown. Determine the velocity of the ball labeled m1 after
the collision. Explain the result?????

Example 6.3.7
Two balls (0.5 kg and 0.8 kg) are placed on a table and a small firecracker is placed in
between them. When it explodes, the 0.5 kg ball is moving at 3 m/s to the right. What is
the velocity and direction of the 0.8 kg ball?

Elastic and Inelastic Collisions, Proofs, and
Reference Frames
While momentum in one dimension, as illustrated by the examples
above, is a very useful concept, it only allows us to solve for one
unknown. However, but classifying collisions as either elastic or
inelastic, we can sometimes get more information from a situation.
Elastic Collisions are collisions where momentum is conserved, as well
as kinetic energy. These are “prefect” collisions or perfect bounces,
and thus could never really exist, but in practice many things come
close. For example, it is often assumed that when molecules collide
in a gas, the collisions are elastic.
Inelastic Collisions are collisions where the absolute minimum kinetic
energy is conserved, while still conserving momentum. Any collision
where the objects stick together is automatically an inelastic
collision.
In reality, of course, collisions fall in a spectrum in between
elastic and inelastic. However, for most first year physics problems,
we tend to treat collisions as either perfectly elastic, or inelastic.
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The conservation of momentum applies to both elastic and
inelastic collisions. However, in an elastic collision, we also can
make use of the fact that kinetic energy is conserved. Let us try the
example below to show how to make use of this.
Example 6.3.8
Two balls collide elastically with initial velocities as shown below. Find the velocity of each
ball after the collision.

while the example above shows how to solve for an elastic collision,
we will shortly find a few short cuts to get our answers more quickly.
As we do so, we will introduce the topic of using momentum in proofs.
Momentum, since it is s conserved quantity, lends itself to being used
in different mathematical proofs. It is very common for students in a
first year physics class to be responsible for these proofs. Thus,
for most of the remainder of this section, we will switch over to a
“proof heavy” discussion of momentum.
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Example 6.3.9
Consider two balls of mass m. One is initially at rest (ball 1), and the other (ball 2) is
moving towards it at v. If the collision is elastic, prove that the vf of ball 1 is v, and the vf of
ball 2 is zero.

This result, since it was a proof, gives us a result that will always
work, as long as the two balls are of the same mass, and one is
standing still.
Example 6.3.10
Redo the proof above, this time with two balls of different masses (m1 is moving at v, m2 is
standing still).
These results are very important, so let us rewrite them again here
for further reference:
v1f/v = (m1-m2)/(m1+m2)
v2f/v = 2m1/(m1+m2)
in the equations above, the subscript 1 applies to the ball that was
moving (the projectile), and the subscript 2 applies to the ball that
was standing still (the target). The velocity without subscripts is
the incoming velocity of the projectile.
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Example 6.3.11
Find the velocities of each ball after the elastic collision below.

While this is very useful, it is limited to collisions that are
elastic and have one object standing still before the collision.
However, there is an interesting short cut that can be used to find
the result of the situation when both balls are moving. We can switch
reference frames.
Steps for Switching Reference Frames in Momentum Problems
1.)
2.)
3.)

Begin with the given situation, then switch into a reference
frame where one of the objects is standing still. This is done by
adding the reverse velocity to the other object.
Solve the situation by using the equations given for the case of
one stationary object. You know have your answer, but it is in
the wrong reference frame.
Switch back out of the temporary reference frame by adding the
negative of the velocity added in step 1 to every object.

In short, switch in, solve, switch out. This is a very handy way of
solving momentum problems. It is made much more understandable with
an example.
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Example 6.3.12
Switch reference frames to determine the result of the following elastic collision.

Notice how easy this makes the problem above. Instead of having to
work out new formulae, we simply switch reference frames to make the
problem look like a problem for which we already have an answer. This
is the key to switching reference frames - make the problem look like
an easier problem, then solve. Let us try some other problems.

Example 6.3.13
Switch reference frames to determine the result of the following elastic collision.

An important problem solving note - the type of momentum problem will
determine the method of solution. When you encounter a problem, the
first thing you should do is determine how many unknowns (or answers)
are in the problem. Then, follow the guidelines below:
•
•
•

One unknown - use momentum before equals momentum after.
Two unknowns
If one is standing still, use equations given above
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•

If both are moving, switch reference frames and use equations
given above

Combining Momentum with Other Topics
Since momentum is an important, but limited topic, it is very
common to encounter problems that combine momentum with previously
covered topics like motion, energy, or projectiles. Consider the
examples below.
Example 6.3.14
A 1.5 kg block slides across a table and collides with a 2 kg block (initially at rest). The
two blocks stick together and continue sliding, but the table surface becomes rough
immediately after the point of collision (coefficient of kinetic friction equal to 0.4). How far
from the point of collision does the composite object come to rest?

Example 6.3.15
A 4 kg block slides across a table with a coefficient of kinetic friction of 0.2 and elastically
collides with a second block of mass 1.5 kg (initially at rest). How far from the point of
collision does each block come to rest? See the diagram below of details.
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Example 6.3.16
A pendulum is constructed 1.3 m long, with a 1 kg ball on the end. It is pulled up to an
angle of 70 degrees and released. When it reaches the bottom, the ball collides elastically
with a 0.8 kg ball balanced on the edge of a desk (0.75 m high). How far from the edge of
the desk (measured along the ground) does the ball land?

Practice Problems

Example 6.3.17
Two ice skaters are skating toward each other. Skater 1 has a mass of 90 kg and is
moving at 1.5 m/s to the right, while skater 2 has a mass of 60 kg and is skating at 1.1 m/s
to the left. They collide and hold on to each other. What is their new speed and
direction?
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Example 6.3.18
Determine the results of the collision below

Example 6.3.19
Two bumper cars collide elastically head-on. The first car was moving at 2.5 m/s to the
right (mass of car + passenger = 200 kg), and the second was moving at 2.0 m/s to the left
(mass of car + passenger = 220 kg). What is the velocity of each car after the collision?
Don’t forget that velocity includes direction!

Example 6.3.20
Find the velocity of each ball after the elastic collision below.
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Example 6.3.21
Find the velocity of each ball after the elastic collision below.

Example 6.3.22
A 75 kg person runs and jumps straight off the end of a diving board at 2.5 m/s while
holding a 6 kg bowling ball. The moment they leave the board, they throw the ball forward
at 5 m/s (relative to themselves). How far (measured horizontally) do they land from the
edge of the board? How far does the bowling ball land from the edge of the board? How
far from the end of the board would they have landed if they had just held on to the ball?
The board is 3 m above the water.

Example 6.3.23
A spring with a constant of 600 N/m is compressed by 0.03 m and placed between two
balls, with masses of 0.40 kg and 0.75 kg. After the spring is released, find the velocity of
each ball.

6.4 - Two Dimensional Momentum
Now that we (hopefully) have a good, solid grasp of the concept
of one dimensional momentum, it is time to turn our attention to
applying the idea of momentum to two dimensions. To summarize the
entire idea of two dimensional momentum problems in one sentence:
Momentum is a vector, and thus can be broken into x and y
components.
For two and three dimensional momentum problems, therefore, we simply
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treat the x and y (and z) directions as independent of on another. It
is very unusual for a three dimensional momentum problem to show
itself in a first year physics class, so we will instead focus on two
dimensional problems. All we need to do is to treat each direction
independently. Thus it is possible to have three different types of
problems:
1.)
2.)

3.)

If external forces exist in both directions, then momentum is not
conserved at all, and we need to use Impulse = change in momentum
(FÄt = Ämv)in each direction.
If there are external forces in only one direction, then momentum
is not conserved in that direction (FÄt = Ämv), but is conserved
in the direction with no external forces (Momentum Before =
Momentum After).
If there are no external forces at all, then momentum is
conserved in both directions.

The vast majority of two dimensional momentum problems in a first year
physics course will be of the third type, and that is where we will
spend most of our time in this section. However, occasionally one of
the other two types of problems will arise, so we will address those
first.

Impulse and Momentum Problems in Two Dimensions
Problems involving external forces in two dimensions are handled
simply by applying the ideas of one dimension to each direction
separately, as in the equations below.
FxÄt = mÄvx

and FyÄt = mÄvy

It is easier and more successful to demonstrate how these work,
instead of attempting to explain them in words.
Example 6.4.1
A 40 kg particle is moving at 10 m/s in the +x-direction when it is affected by a force of 200
N for 1.5 seconds acting at 45 degrees. What is the final velocity of the particle after that
time?

Example 6.4.2
A 0.03 kg particle is moving at 800 m/s at 60 degrees when it is affected by a force for 2.3
seconds. At the end of that time, it is moving at 600 m/s at 32 degrees. What was the
force that affected it?
As we have seen in the past, these type of problems get easier if we
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use unit vector notation:
Example 6.4.3
A 300 g particle is moving according to the equation v(t) = (12 m/s)I + (-23 m/s)j and is
affected by a force of (4 N)I + (-2 N)j for a period of 4 seconds. What is the final velocity
of the particle after that time?

Notice that after doing these problems, and looking at how they were
solved, that these problems are nothing new. In fact, they are
essentially simple F = ma problems that are solved with new equations.
For this reason, these types of problems are not very common, since
they don’t really allow us to solve anything that we didn’t already
know how to solve.
Likewise, impulse problems with forces only in one direction
really don’t help us that much. However, they do make a very
important conceptual point: momentum can be conserved in one direction
but not the other in a physical situation. This leads us to one of
the most common “trick” questions in a chapter concerning momentum.
Example 6.4.4
During a rain storm, a wagon rolls across a frictionless surface, starting at some speed v.
As it rolls, it fills up with water. Describe what happens in this situation and why.
While numerical problems involving these ideas are not very common,
let us try one just to see how well we understand these concepts.
Example 6.4.5
A cart is constructed to travel across a frictionless surface. On the cart is a mechanism
that will fire two balls in opposite directions, perpendicular to the motion of the cart (in
other words, a double cannon that will fire to the sides of the cart). The entire contraption
has a mass of 800 g, the ball fired to the right has a mass of 75 g, and the ball fired to the
left has a mass of 110 g and travels at 6 m/s. The cart is propelled by a small rocket
engine that exerts an average force of 18 N for 2.3 seconds. At the end of 2.3 seconds,
the cannons are fired. Find the velocity of each ball relative to the ground the moment
after they leave the cart.

Conservation of Momentum in Two Dimensions
As mentioned previously, by far the most common two dimensional
momentum problems are the ones where you must use the conservation of
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momentum in both directions. The procedure is very simple, since
momentum is a vector our conservation equation can be split into two
separate equations:
Äp = 0 becomes
Äpx = 0 and Äpy = 0
or
X Momentum Before = X Momentum After
and
Y Momentum Before = Y Momentum After
When approaching these problems, it is usually best to remember that
you will need one equation for each unknown. If we approach these
problems considering them only as mathematical exercises, we can write
the equations easily, but then we must solve them. Let’s try a few
simple ones:

Example 6.4.6
If the two particles below collide and stick together, what will be the velocity of the final
combination given m1 = 2 kg, m2 = 5 kg, v1 = 3 m/sec, v2 = 4 m/sec ?
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Example 6.4.7
A hand grenade resting on a frictionless surface explodes and the pieces fly off as
illustrated in the diagram below. Determine the velocities of the two pieces on the right.

Example 6.4.8
If the collision below is elastic, find the velocity of each ball after the collision given that m
= 4 kg and v2 makes an angle of 400 down from the horizontal.

The problems above should show you how to deal with cases in two
dimensions. There is an interesting conclusion that is apparent in the
last problem, although it is not proven. When objects of the same
mass collide elastically in two dimensions, they always go off at
right angles to each other. This can be easily seen on a billiards
table, where the cue always goes off at 900 to the ball it strikes.
Although the table is not a perfectly elastic situation, and the
result can be affected by other factors (such as spin), the outcome is
close to the ideal case. There is a way to prove this result, but we
will pass it up for now.
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Practice Problems
Example 6.4.9
A 5x10-6 kg particle travels at 1200 m/s directly North, and 2 seconds later is seen to be
traveling at 1600 m/s directly west. What force acted on the particle?

Example 6.4.10
A 2 kg particle travels at (15 m/s)I + (-30 m/s)j and is affected by a force of (22 N)I + (10
N)j for 0.3 seconds. What is the new velocity of the particle?

Example 6.4.11
A person is ice skating at 2.3 m/s directly East when they throw a basketball due South at
4 m/s. If the basketball is 4 kg, and the person is 60 kg, what is the new velocity of the
person relative to the ice?

Example 6.4.12
In the collision below, momentum is conserved but not kinetic energy. What is (a.) the
velocity of ball B after the collision and (b.) the percentage of kinetic energy left after the
collision?
(M1= 6 kg, M2=5 kg)
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Example 6.4.13
What percentage of kinetic energy is conserved in the collision below?

Example 6.4.14
Find the velocity and the angle of the object after the collision below.

6.5 Extra Momentum Topics
Most textbooks, in their chapter on momentum, add various other
related topics or some aspects of momentum that are very complicated,
but the author feels that they are important enough to include in a
first year course. These topics are listed below, with explanations
and examples. However, be sure that your course will include these
topics before spending time on them.

Momentum Proofs and Extreme Situations
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As mentioned before, momentum lends itself to proofs and
algebraic solutions. One of the most common sets of proofs and
conceptual problems involves what is called “extreme situations.”
Consider the equations given in the chapter on One Dimensional
Momentum that were derived for two objects of non-equal mass colliding
elastically with one object at rest prior to the collision. These
equations were:
v1f/v = (m1-m2)/(m1+m2)
v2f/v = 2m1/(m1+m2)
in the equations above, the subscript 1 applies to the ball that was
moving (the projectile), and the subscript 2 applies to the ball that
was standing still (the target). The velocity without subscripts is
the incoming velocity of the projectile.
Now, consider the situation where the target ball is very large
and the projectile is very small - consider throwing a marble at a
bowling ball. What would you expect to happen? You would expect the
marble to bounce right back at roughly the same speed and the bowling
ball would be unaffected.
In math, we consider this to be an extreme case, where m1<<m2
(the double less than sign means “much, much less than” - and believe
it or not, that is the official mathematical term!). Notice what
happens if you place a really small m1 (lets say 2) and a really large
m2 (10,000) into those equations:
v1f/v = (2-10,000)/(2+10,000)= -9,998/10,002
v2f/v = 4/(2+10,000) = 4/10,002
Looking at those numbers, we see that the top number is approximately
-1 and the bottom number is approximately zero. So we say, for the
extreme case of a m1<<m2 (a very small projectile and a very large
target), the projectile bounces back at the same speed and the target
is unaffected. Now, we know that this would only be completely
accurate if the projectile was infinitely small and the target
infinitely large, but it does give us a sort of special, extreme case
to use as a boundary.
Consider the case of a very large projectile and a very small
target (m1>>m2). In this case, we would expect the projectile to
continue almost as if nothing ever happened, and we would expect the
target ball to take off and be moving faster than the projectile.
Looking at the equations, and again using simple numbers as an
example:
v1f/v = (10,000-2)/(10,000+2)= 9,998/10,002
v2f/v = 20,000/(2+10,000) = 20,000/10,002
Notice what this gives us: the top number is approximately one, and
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the bottom number is approximately two. So, for the extreme case of
m1>>m2 (a very large projectile and a very small target), the
projectile continues at the same speed and the target moves at twice
the original speed of the projectile. Again, this would only be
completely accurate if the target was zero mass and the projectile was
infinitely massive.
If we think of these results as boundaries,
we can make some conclusions.
Solutions for Elastic Momentum Problems
Collision
Conditions

Final
Velocity of
Projectile
(m1)

Final
Velocity of
Target
(m2)

m1<<m2

-vi

0

m1=m2

0

vi

m1>>m2

vi

2vi

Looking at the chart, we can see that if the collision is elastic and
the target ball is standing still (remember that these are conditions
of the equations we used to get these results), then after the
collision the projectile must be moving between -v and +v, and the
target ball must be moving between zero and 2v. A bit of time
thinking about this table also leads us to the following conclusions:
C
C
C

If you throw a small object at a large object, the small object
will always move backwards - it is impossible to have the small
object continue to move forward after the collision.
If you throw a large object at a smaller one, the large object
will always move forward after the collision.
The fastest that any particle can be moving after an elastic
collision is twice the speed of the incoming particle.

Let us see how we could use these ideas in some basic proofs.
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Example 6.5.1
Explain in detail what would happen if an astronaut tried to play catch by bouncing
(elastically) a very heavy ball (the same mass as the astronaut) against an asteroid (much
more massive than the astronaut).

Example 6.5.2
By switching reference frames and using the fact that M>>m, determine the velocity
of m after the collision (assume elastic).

Example 6.5.3
What would happen if you placed a tennis ball on top of a basket ball and dropped the
combination? (Consider the collision to be elastic, and use the m1>>m2 approximations.
Also assume there will be a minute amount of space between the two balls when the
basket ball hits the floor.)
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Varying Mass Situations - Rockets
In most momentum problems, the system changes velocity and thus
momentum. However, it is possible to change have a system of changing
momentum when the mass is changing as well. The most common
application of this is the case of finding the speed and acceleration
of a rocket. Going through the derivation of how to find the
acceleration of a rocket by using momentum is an excellent case of a
complicated momentum problem that uses calculus. What makes this such
a good exercise is that you have to remember and use a number of
ideas:
C
C
C

The system must contain the rocket and the fuel after it has been
expelled.
You need to be careful about velocities in the problem, since the
fuel is expelled at a speed relative to the rocket, but we will
generally want the speeds relative to the reference frame.
The mass of the rocket is changing as the fuel is expelled.

We will not go through the derivation here, since if it is covered in
your physics class, there will be an explanation of it in your
standard physics text. However, we will state the concluding
equations below:
Rvr = Ma
This equation contains four variables:
R = rate at which fuel is expelled (the time rate of change of
fuel in the rocket, measured in kg/sec) - this may or may not be
a constant value, if it is not, then this equation holds at one
moment, and R is measured at the moment in question.
vr = the velocity of the fuel relative to the rocket (speed at
which fuel is expelled)
M = mass of the rocket at the moment in question
a = acceleration at the moment in question
the next equation is:
vf-vi = vr(ln(Mi/Mf))
Which is used to find the increase in speed (vf-vi) for a rocket,
where Mi and Mf are the masses of the rocket at the initial and final
times.
Example 6.5.4
A rocket takes off with a mass of 1000 kg, and expends fuel at a steady rate of 4 kg/s with
a relative velocity of 800 m/s. When all the fuel is used up (800 kg), what is the final
speed of the rocket?
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Center of Mass
You have probably encountered the concept of “center of mass” in
a previous science course, perhaps in middle school. In most physics
classes, center of mass is considered to be more or less understood by
most students, and it is not often addressed conceptually in any
depth. However, many first year physics classes will spend a little
time calculating the center of mass mathematically for simple
situations, and we will do so here. Before we do, let us do a quick
conceptual review about the center of mass.
The center of mass is an imaginary point (on or off an object)
where all the mass appears to be concentrated. Consider for a moment,
a brick. If we were to ask where exactly on the brick gravity was
acting, the answer would have to be everywhere. Each and every atom
in the brick is being pulled by the force of gravity between it and
the earth. This obviously makes working with the force of gravity a
complicated endeavor. It would be more convenient to average the
force of gravity and have it focused on one spot so that we could deal
with one force. That one average spot turns out to be the center of
mass (actually, it is the center of gravity, but in most instances
these will be the same). The center of mass is the one average point
where the gravity seems to be pulling on the object. The center of
mass of an object is a very important point, and there a number of
conceptual ideas that are based on center of mass. The are listed
below and briefly explained.
Center of mass is the balancing point of an object.
An easy way to understand the center of mass is to say that it is
the balancing point of an object. If we try to balance a meter stick
horizontally on our finger, we must support it at the 50 cm mark
(providing it is uniform). This is the center of mass. Notice that
we can also balance the meter stick vertically if the center of mass
is directly above a point of support. Below is a diagram of a number
of objects with their centers of mass marked with an x. Notice how
the center of mass need not be on an object. It is simply an
imaginary point.

You might ask, "If the center of mass is a balancing point, how
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can it be off the object?" Reread the line above concerning
balancing. It states that the object will balance if the center of
mass is above a point of support. An object will balance as long as
the support is directly below the center of mass. Not only that, but
the object will balance if the center of mass is below the point of
support. The diagram below shows two objects that can be balanced by
placing your finger at either s (the center of mass is marked with an
x).

The position of the center of mass determines the stability of an
object.
One other interesting aspect about the center of mass is that if
it is supported from above, we generally call that a "stable"
situation, meaning that if it is disturbed slightly it will return to
normal of its own accord. The actual condition for a stable situation
is that the center of mass must rise if disturbed. Examining the two
situations above will give you a good general idea of this condition.
It is very easy to balance the objects with your fingers at the top S,
while balancing with your finger at the bottom S requires some
agility.
The center of mass determines the “tipping point” of an object.
Because the center of mass determines stability, when the center
of mass is not supported, the object will tip over. Thus, the higher
the center of mass, the easier it is to tip over. The diagram below
shows three objects, each with the center of mass in a different
position. The first object will fall back to stability, since gravity
will pull the center of mass downwards. The second object is at its
“tipping point” and is balanced since the center of mass is supported.
The slightest movement will cause it to fall in either direction. The
third object is past its “tipping point” and will fall on its side,
since the center of mass will be pulled down.
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Center of mass is the point about which an object will spin.
If you have an object that is unaffected by other forces (imagine
a box floating in space), and you push the object so that your force
goes exactly through the center of mass, the object will move, but
will not spin. However, if you push the object at a point and
direction that does not pass through the center of mass, the object
will spin as it moves. In fact, it will spin around its center of
mass. We can see this same effect on earth in many situations, but we
need to account for all the other forces (gravity and friction, for
example). Consider a tall, thin trash can resting on the floor. If
you kick the trash can sideways at a point where your force goes
through the center of mass, th can will slide. However, if you kick
is too low the can will spin and fall over. Forces through the center
of mass do not cause rotation, forces at other points do.
Center of mass will follow a “natural” path regardless of what else
happens to the object.
If you throw a ball in the air, the ball can be seen to follow an
easily recognizable path of a parabola. However, if you throw an
irregular shaped object, like a hammer, it will seem to spin and flip
around as it flies. However, if you were to watch the center of mass
of the hammer, it would follow a perfectly smooth parabola
(discounting air resistance). The center of mass of an object will
always move “normally,” even if the object appears to be doing extra
things. Another example would be an object that explodes while
moving, like a fire cracker. If you throw a fire cracker, it will
follow a parabola until it explodes. After the explosion, the center
of mass will still follow the same parabola, and the pieces will move
apart in such a manner that they still average out to have their
center on the parabola.
Planets orbit around the center of mass of their system.
The moon doesn’t actually revolve around the earth, it revolves
around the center of the earth-moon system. In fact, in any planetary
system comprised of two planets (or suns, or moons), the two objects
both actually orbit around the center of mass of the two objects.
Since the earth is much larger than the moon, the center of mass of
the system is very close to the center of the earth, so it appears
that the moon revolves around a stationary earth. However, if the two
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masses were the same, then both objects would orbit around a point
exactly in the middle of the two planets.
Center of mass is the point where we have been drawing our forces on
an object.
You may recall that throughout our chapters on forces, we always
drew our free-body diagrams with all the forces acting at one point
(we called them concurrent forces and assumed that all of our problems
could be done with concurrent forces). In fact, we were actually
assuming that all of our forces went through the center of mass and we
were drawing our forces exactly on the center of mass to make the
problems easier.
Center of mass and center of gravity are different terms.
You will often hear the terms “center of mass” and “center of
gravity” used interchangeably, even though they mean something
slightly different. The center of mass of an object is the average
point of the object’s mass distribution. The center of gravity of an
object is the average point for the force of gravity on an object.
The only time that they are different is when the gravity acting on an
object is not constant over the entire object. For example, the
center of gravity of the moon is a little closer to the earth than the
center of mass of the moon, since the earth’s gravity is a little
stronger on the closer side of the moon.

Mathematically Calculating Center of Mass
Systems of Objects
While we have been discussing the center of mass as it applies to
one object, it is also very useful to apply the concept of a center of
mass to a system made up of two or more objects. Consider the
simplest of these situations: two balls, of mass m, a distance d
apart. In this case, the center of mass would be exactly in between
them.

Now imagine that one of the balls was double the mass of the other.
In this case, the center of mass would be closer to the heavier
object. Now, consider the situation where we have three objects in our
system, you can probably find the center of mass conceptually, but
what if you had to find it mathematically? If the particles are all
in a line, we find the position of the center of mass with the
following:
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Xcm = (m1x1 + m2x2)/(m1+m2) - only particles in a line
in other words, the sum of the masses times their positions, divided
by the sum of the masses. We can expand this to more than one
particle simply by following the pattern. In formal math terms, this
is written as:
Xcm = (1/M)G(mixi)where M is the total mass
We can even expand this to two (or three) dimensions, simply by
finding a center of mass for each direction. In other words:
Xcm = (1/M)G(mixi)
ycm = (1/M)G(miyi)
zcm = (1/M)G(mizi)
Learning these and understanding these things are very simple one they
are demonstrated in an example or two.

Example 6.5.5
Find the location of the center of mass of the earth-moon system.

Example 6.5.6
A 5 kg object is placed at the origin, a 4 kg object is placed at (3,4), a 3 kg object is placed
at (0,7) and an 8 kg object is placed at (-6,9). Find the center of mass of this
configuration.

Mathematically Calculating Center of Mass
Solid Objects
Mathematically calculating the center of mass of a system of
objects is fairly simple, as seen above, as long as the objects can be
treated as point masses. However, to calculate the center of mass of
a solid object requires a great deal of calculus. In fact, unless the
object is very simple (uniform, constant density, simple shape that
can be mathematically represented), it is ridiculously hard. In
practice, you would either have a computer calculate it for you, or
find it experimentally (which is very easy to do). However, a scant
few first year physics courses will require students to be able to
calculate the center of mass of a simple, solid object by using either
calculus or a “trick” method
The calculus method is fairly straightforward in formulae, but
often not so simple in practice. You would find the center of mass by
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evaluating the integrals shown below for each direction.
Xcm = (1/V)IxdV
Ycm = (1/V)IydV
Zcm = (1/V)IzdV
where V is the total volume of the object and the integrals are
carried out over the entire volume. Because of the difficulties
involved, and since this is almost never included in a first year
physics course, we will not demonstrate this method.
The trick method is best illustrated below with a classic problem
that is shown in many physics books. The method simply involves
breaking the object into composite objects and finding the centers of
mass of each one, then using the previous method for locating the
overall center of mass treating each object as a point mass.
Example 6.5.7
A metal disk, of radius 20 cm and thickness of 2 cm, has a hole drilled on the edge with a
radius of 4 cm (see diagram). The metal has a density of 12 g/cm3. Find the location of
the center of mass of the object.

Center of Mass and Momentum
But what does all this have to do with the Conservation of
momentum? Consider the center of mass of two balls of equal mass with
one approaching the other at some velocity v. The center of mass of
this system (to envision the center of mass of a system, consider all
the elements of the system as connected by massless rods and think
about balancing it) is midway between the two balls and moving in the
same direction as the traveling ball with half the speed (think about
this, it does make sense). Momentum tells us that if the collision is
elastic, the stationary ball will take off with the speed of the
original ball, while the first ball will become stationary. What is
the center of mass doing after the collision? It is moving in the
LetsLearnPhysics

-

Chapter 6 -

Page 34

same direction as before with the same speed. The diagram below is
certainly worth a thousand words in clearing this up. Both balls are
the same mass and the center of mass is again located with an x.

This shows us that during a collision, the center of mass remains
totally unchanged. Think about the simplest situation, two balls of
the same mass approaching each other at the same speed. The center of
mass of the system is in the middle, and at rest. After the
collision, the two balls switch velocities and continue, leaving the
center of mass at rest. This is true in all situations of closed,
isolated systems. Another interesting aspect of this is in the case
of an explosion. Consider a hand grenade resting on the ground. When
it explodes, its pieces will fly off in such a manner as to keep the
center of mass at rest! Furthermore, imagine a hand grenade that is
thrown up in the air. When it explodes, it pieces will move in such a
manner to keep the center of mass on its intended path (a parabola).
Another instance is throwing an unbalanced object, such as a base ball
bat. If you throw it straight, it will spin. In actuality, its
center of mass moves in a straight line while the object spins around
it.
The fact that the motion of the center of mass is unchanged by a
collision within the system is not just a fluke. In fact, it reminds
us how intertwined all of our formulae are. Consider Newton's Laws as
they apply to a system that is closed and isolated. Since no forces
act on the system from the outside, the first law tells us that its
motion remains unchanged (i.e. no acceleration). We just need to
remember that when we say "its" motion, we are referring to the motion
of the entire system.
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Homework Assignments
Homework 6.2 - Impulse and Momentum
1.)

A 70 g lump of clay falls to the ground from 6 m. If it takes
0.20 sec. to come to a stop, what was its a.) change in momentum?
b.) impulse? c.) force experienced?

2.)

Consider a car accident where a car hits a barrier and comes to a
stop. What is the percentage increase in the force involved in a
collision where the car began at 55 mph compared to a car
traveling at 30 mph. Assume both cars have the same mass, come
to a complete stop, and that the time for the collision is the
same in both instances.

3.

If you applied a force of 30 N to a 15 kg object for 20 sec, what
is the maximum impulse you could impart? What is the maximum
change in momentum that you could effect? What is the highest
velocity it could reach if it began at rest?

4.)

Consider the two boxes below on a frictionless surface. Box A
has twice the mass of box B and both boxes start at rest.

a.) Describe what would occur, in terms of momentum and
velocity, if you applied an equal impulse to both boxes.
b.) Describe what would occur, in terms of impulse, momentum and
velocity, if you applied an equal force to both boxes but applied
the force to box A for twice as long.
c.) Describe what would occur, in terms of force, impulse and
momentum, if you brought both boxes to the same speed in the same
amount of time.
5.)

A 150 g golf ball is struck by a club, and launches at a 30
degree angle, landing 100 m at the same level. If the collision
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between the club and the ball lasted 0.02 seconds, what was the
average force exerted on the ball by the club?
6.)

A 3000 kg rocket ship is approaching earth at 4000 m/s. It wants
to slow itself to 1500 m/s by using reverse thrusters pointed
from the front of the ship. If the thrusters have a force of
1200 N, how long should they fire the thrusters?

7.)

A person stands on a force platform connected to a computer and
then jumps in the air and lands back on the platform. The
computer produces a graph of force versus time for the event.
From the graph below, find
a.)
b.)
c.)
d.)
e.)
f.)
g.)

Change in momentum (for jump)
Impulse (for jump)
Height to which they rose
Velocity at which they left the ground
Mass of the person
Average force for jumping
Average force for landing

Homework 6.3 - Conservation of Momentum
1.)

In a lab experiment, a cart (400 g) traveling at 2 m/s strikes
another cart at rest.
After the collision the first cart
continues at 1.1 m/s. If the collision is elastic, find the mass
of the second cart and its new velocity.

2.)

Determine the velocity of M2 after the collision, given that M1=5
kg and M2=7 kg. (MO3)
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3.)

If the two balls collide and stick together, what will be the
final velocity given that m1 = 9 kg and m2 = 7 kg?(MO8)

4.)

A 15 kg ball traveling to the right at 12 m/sec collides
elastically with a 10 kg ball traveling to the left at 20 m/sec.
Determine the velocities of the balls after the collision.

5.)

A 6 kg ball travels at 12 m/sec to the right catches up and
collides elastically with a 8 kg ball traveling the same
direction at 7 m/sec. What are the final velocities of the
balls after the collision?
Determine the result of the elastic collision below.

6.)

7.)

A 5 kg ball traveling to the right at 8 m/s sticks to a 3 kg ball
traveling at 5 m/s also traveling to the right. What is the
final velocity of the combination?
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8.)

An 800 g ball travels to the right at 5 m/s and elastically
collides with a 200 g ball that is standing still. What is the
velocity of each ball after the collision?

9.)

A 200 g ball moving at 35 m/s collides with a 300 g ball that is
standing still. If 80% of the kinetic energy is conserved, what
is the final velocity of each ball?

10.) A spring loaded projectile launcher is placed on a frictionless
table. It consists of a spring (k = 1200 N/m) that is compressed
4 cm, and it fires a steel ball (m = 60 g). The steel ball then
hits (elastically) a 300 g ball resting on the edge of the table.
How far from the edge (measured horizontally) does the 300 g ball
land? The table is exactly one meter high.
11.) The set up shown below consists of two metal balls of different
masses, each on a string, like a pendulum. Both balls are pulled
back exactly 45 degrees and released. The two balls collide
elastically in the center. To what angle does each ball rise
after the collision? Suppose after the first collision they meet
again in the center without any loss of energy to friction. To
what angle will each ball rise after the second collision?

12.) Imagine that a small bullet (m) is fired into a heavy block of
wood (M) at velocity v. The bullet sticks in and the block,
suspended by two strings, swings like a pendulum up to a height
h. Use the conservation of energy and momentum to determine an
equation for the speed of the bullet before impact (v) in terms
of m, M, h, and g.
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13.

One of the most common examples of an elastic collision is the
five suspended metal balls. Suppose that we had a variation of
these as shown below. Instead of five equal masses we now have
one large mass (M) and a number of smaller masses (m). Prove
that if the large ball is set swinging, a number of smaller balls
must leave the other side such that X = M/m where X is the number
of small balls. Conditions: X must be an integer, the collision
is elastic and assume that M comes to rest. (E3*)

14.

A 2000 kg car sits at a red light and is hit from behind by a
6000 kg truck. If the coefficient of friction between the tires
and the road is 0.7, and the two cars come to a stop 9 m into the
intersection, what was the speed of the truck on impact (in mph)?

15.) Zorro interrupts a masquerade ball to rescue the Princess, who is
dancing in the middle of the room. He swings from a chandelier
and grabs her from the dance floor. To what height above the
floor will the combination (Zorro and Princess) rise? Use the
following variables: mZ (mass of Zorro), mp (mass of princess), h1
(height above floor from which he jumped), h2 (height above floor
to which the combo rises).
16.) A 100 g bullet traveling at 300 m/s hits a 2 kg block of wood
resting on a table with a coefficient of kinetic friction of 0.5.
The bullet passes through the block and leaves the other side at
220 m/s. How far does the block move before coming to rest?
17.) Consider two astronauts in space. What will happen if they play
catch with a baseball? Eventually, the game will end with both
of them and the ball flying off into space. Imagine that they
used a ball that was ½ of their mass and that the two astronauts
had the same mass and threw the ball at the same speed.
Determine how many throws they could make before the game would
be over.
18.) In a bizarre game show, a 80 kg contestant stands on a 20 kg
surfboard shaped platform that is on ice. He has to run to the
end of the surfboard as fast as he can, jump from the first
surfboard to a second, identical board two feet away and ride
that board over a finish line 5 m away. How long (in time) does
it take for him to ride the second board over the finish line.
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Assumptions: the ice is frictionless, the vertical part of the
jump can be ignored (in other words, he runs off the first board
practically horizontally), and his running speed is 6/s relative
to the ground. Extra credit - how much faster (in ratio form)
must he run to cut his time in half?

19.) Two children sit in a boat, as shown below. The total mass off
the children and boat is 200 kg. The first child throws a 15 kg
bowling ball at 2.4 m/s to the second child who is 1.3 m away
(why? I don’t know.) How long (in time) does the ball take to
reach the second child? Neglect the effect of gravity, assume
the throw is perfectly straight.

.

20.) Consider an atom to be made of 92 protons and 150 neutrons. It
undergoes nuclear fission and splits into two atoms, each moving
in opposite directions with some energy. If one particle is
moving at 8000 m/s and the other is moving at 18000 m/s in the
other directions, what is the total of protons and neutrons in
each new atom? Assume that protons and neutrons are the same
mass in this problem and that no protons or neutrons change or
disappear converting their mass to energy.
21.) Decipher: "Arien precipitation is conducive to spurring the
production of dulcet Taurian flora." (DNCTHWG)

Homework 6.4 - Two Dimensional Momentum
1.)

An ice skater (70 kg) is skating at 3 m/s east, when he is hit by
a second skater (60 kg) traveling at 2 m/s NE. What is the final
velocity of the pair if they stick together after the collision?

2.)

A 4 kg particle is moving at 100 m/s at 20 degrees north of west
when it is affected by a force for 0.8 seconds. After the force
ends, it is traveling at 160 m/s at 20 degrees south of west.
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What was the value and direction of the force?
3.)

A proton with a speed of 400 m/sec collides elastically with
another proton at rest. The two protons bounce off each other
and the incoming proton goes off at a 60 degree angle to the
horizontal. What are the velocities of the protons after the
collision?

4.)

In the collision below, momentum is conserved but not kinetic
energy. What is (a.) the velocity of ball B after the collision
and (b.) the percentage of kinetic energy left after the
collision?
(M1= 6 kg, M2=5 kg)

5.)

Determine the mass of particle 1 if m2 = 2 kg in the collision
below.

6.)

The two objects below collide and stick together - find the
velocity and angle of the composite object.
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HW 6.5 - Extra Momentum Topics
1.)

Given that M>>m in the diagram below, find the final velocities
of each object after the collision, assumed elastic.

2.)

In the situation below, the large ball (M) is approaching a small
ball (m) which is at rest. It strikes the ball, which then hits
the wall and bounces back, striking the ball again and repeating
the procedure. After the third time the two balls collide, what
is the velocity of the small ball? Assume elastic collisions and
that M>>m.

3.)

A 2000 kg rocket filled with 1600 kg of fuel takes off and
fuel at a rate of 40 kg/s at a speed of 400 m/s. How fast
going half way through its powered flight stage (the stage
it is using and expelling fuel)? What is its speed at the
30 seconds? 35 seconds? 40 seconds?

4.)

If you were in charge of designing a rocket, name two things you
could do to increase efficiency, and use the rocket formula to
demonstrate your methods.

5.)

If you had an 8 kg bowling ball and placed a 0.5 kg lacrosse ball
2 meters away, where would the center of mass of the system be
located?

6.)

On the balance below, a 4 kg mass is placed at one end and you
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expels
is it
when
end of

wish to balance the entire system.
placed at the other end?

How much mass should be

7.)

A system consists of a 4 kg mass at (0,0), a 6 kg mass at (-3,6), a 5 kg mass at (-3,4) and a 10 kg mass at (6,-8). Find the
location of the center of mass.

8.)

The system shown below consists of three metal rods, each of a
different length, with a mass on each end. Find the angle and
the mass that should be placed on rod #3 in order to have the
system balance at the center. All angles are from the
horizontal.
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9.)

A design is made from metal circles each 2 cm thick as shown
below in the diagram. The grey areas are solid and the white
areas are cut out. The radius of each circle is given and the
center of each circle is located at the coordinates in each.
Find the center of mass of the setup, given that the metal has a
uniform density.
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Activities and Labs
Activity 6.1 - Impulses, Jumping and Landing
In this short activity, you will measure the impulses and changes in
momentum for a person jumping and a person landing using a force
platform.
Note: You will have to use your weight in this activity. If you don't
want to reveal your weight, have someone else in the group do the
activity for you.
Procedure:
1.)

Find your weight by using the bathroom scale and covert your
weight to mass using 1 pound = 0.454 kg. Record this
information.

2.)

Stand on the force platform and have someone zero the platform
out on the computer (so that your weight is taken out of the
calculations). You do this by going to "calibrate sensor>one
point (off set)>stand on platform>click on "read from sensor".
Set the sensor to 100 Hz, low sensitivity.

3.)

Start the computer and jump as high as you can in the air and
land back on the platform. Stop the recording. Have the
computer graph force versus time.

4.)

Check and make sure that the graph is acceptable (it should
resemble the graph on the following page), then find the area
under each spike (ask your teacher how to do this, the computer
can do it for you by highlighting the points and having it
integrate). Make sure both calculations show up on the graph.

5.)

Print out the graph and answer the following questions on a
separate sheet of paper. Turn in the answers attached to the
original graph.

Questions
1.)

2.)
3.)

On your graph, clearly label each of the following points: a.)
You begin your jump, b.) you leave the platform, c.) you hit
the platform on the way back down, d.) you come to a complete
stop.
From the graph, determine the weight and mass of the person doing
the experiment.
From the graph, determine the time it took you to jump off the
platform (this is t1 in the graph on the following page). Also
determine t2 (time you were in the air), and t3 (time for
landing).
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4.)
5.)

6.)
7.)
8.)
9.)

Use your free fall equations along with t2 to determine the speed
at which you left the platform - this will be labeled as v2.
To find the impulse, you will need to calculate the area under
each spike and subtract out the rectangle made by mg times t1
(for the jump) and mg times t2 for the landing. Do so and find
the impulse for jumping and for landing.
What is your change in momentum for jumping?
What is your change in momentum for landing?
Using the change in momentum found in problem 6, find the speed
at which you left the platform. Calling this v1, it should be
the same as v2 - find a percent error between the two.
Using the change in momentum found in problem 7, find the speed
at which you landed on the platform. Calling this v3, it should
be the same as v2 - find a percent error between the two.

Sample Graph Showing Time Intervals

Sample Graph Showing Areas
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Activity 6.2 - Momentum with Soda Tops
The purpose of this activity is to investigate the conclusions made
about the conservation of energy by staging collisions between two
white plastic soda bottle tops.
Procedure:
1.)

Using two identical bottle caps on a smooth table top, put one at
rest and send the other sliding across the table at it so that it
hits it straight on. Observe what happens after the collision.

2.)

Slide the two caps at each other at different speeds and observe
what happens.

3.)

Put a small piece of tape on the table and place one cap on the
tape. Send the other cap sliding at it so that it glances it and
the two caps go off at angles. Put small pieces of tape under
the landing spot of each cap. Using a ruler and chalk, mark a
line from the starting point to each landing spot and measure the
angle between the two paths.

4.)

Add a small amount of sand (or a small weight) to one cap and use
that cap as a target. Slide the other cap at it (so that it hits
head on) at different speeds and observe the results.

5.)

Repeat the previous step using the heavier cap as the projectile.

Conclusions: How close were your results to the expected in each case?
How elastic were the collisions? Were the angles in step 3 90o as
expected? Was it possible in step 4 for the projectile to ever
continue forward? Was it possible in step 5 for the projectile to
ever bounce backwards? Was this system closed? Was this system
isolated? Was momentum conserved? Was kinetic energy conserved?
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Lab 6.1 - One Dimensional Momentum
In order to complete this lab you will need either an air-track
or a kinematics track with carts and a computer interface with
photogates.
The purpose of this lab is to find out how closely a collision
actually comes to the conservation of momentum. You will set up five
different collisions, measure the velocity of each object before the
collision (one will always be at rest) and then measure the velocity
of each object after the collision. Then, you will determine the
total momentum before each collision and the total momentum after each
collision and find a percent error for each.
Procedure:
Notes: It is best to use heavy carts and a medium speed (not too fast,
not too slow). Also, most cart have a setting for “elastic”
collision, using magnets or bumpers. When the directions indicate
such, be sure to use them.
1.)

Set up the air-track or kinematics track and pick a position in
the middle of the track to be the collision point.

2.)

Position the photogates at appropriate locations as close as
possible on either side of the collision point (but make sure
that the gates will be triggered just prior to the collision and
just after the collision).

3.)

Attach an appropriate sized “flag” to each cart.

4.)

Begin two carts of the same mass (record mass in chart below),
with one cart standing still. Set the carts for an elastic
collision. Begin the computer program and push the first cart
towards the target cart. Make sure the program is set to measure
the incoming velocity as well as the velocity after the collision
of each cart. Record these in the chart below.

5.)

Repeat the above procedure four more times for the following
situations:
C
Two carts of the same mass that stick together after the
collision.
C
Two carts of different masses that stick together after the
collision.
C
One heavy cart approaches a light cart that is standing
still (elastic collision).
C
One light cart approaches a heavy cart that is standing
still (elastic collision).

6.)

Using the information gathered in the lab, find the total
momentum before and after each collision. Determine a percent
error for each collision, using the before value as the accepted
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and the after value as the observed.
Collision

m1

m2

Vbefore

V1-after

V2-after

m1=m2
(elastic)
m1=m2
(inelastic)
m1 m2
(inelastic)
m1>m2
(elastic)
m1<m2
(elastic)
Note: in the chart above, m1 is the mass of the incoming cart, m2 is
the mass of the target cart, Vbefore is the velocity of the incoming
cart before the collision, v1-after is the velocity of the incoming cart
after the collision, V2-after is the velocity of the target cart after
the collision. Watch for signs!!! Make sure you label negative
velocities as such.

LetsLearnPhysics

-

Chapter 6 -

Page 50

Lab 6.2 - Two Dimensional Momentum Conservation
In this lab, you will determine the percent of kinetic energy
conserved in a number of collisions to determine the extent of
elasticity in each case. You will also use the conservation of
momentum to determine the initial velocity of an incoming ball.
Procedure:
1.)

Set up the projectile launcher horizontally on a table.

2.) Place a target ball (aluminum) on the edge of the table so that
when the projectile is launched, it will strike the ball a glancing
blow and the two balls will go off at angles. (see diagram)

3.) Fire the projectile and note the location where both balls land.
From this information measure the distance traveled by both balls
(along the floor) and the angle they made from the perpendicular to
the table. (see diagram 2)

4.)

Measure the height of the table and the mass of each ball.

5.) From the information measured, determine the velocity of each
ball after the collision and use the conservation of momentum to
determine the velocity of the projectile.
6.) Repeat this procedure four times with target balls of different
materials.
7.) Fire the launcher five times without a target ball to determine
an accepted value of the projectiles velocity. Average those found in
the above step and determine a percent error.
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8.) Determine the percent of kinetic energy conserved in each
collision.
9.) Use the conservation of momentum in the y direction (parallel to
the edge of the table) to see if the y components of the two balls
match (why should they?) Using the projectile's y velocity as the
accepted, determine a percent error for the targets y velocity.

Height of table
Mass of projectile

Ball

Mass
of
Ball

Target
dist.

Target
angle

Target
veloc.

Proj.
dist.

Proj.
angle

Proj.
veloc.

Al
Brass
Wood
Steel
Cork
Ball

x comp
Target
Momen.

y comp
Target
Momen.

x comp
Proj.
Momen.

y comp
Proj.
Momen.

Initial
veloc.
of Proj

Al
Brass
Wood
Steel
Cork
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% of
Conser.
Kinetic
Energy

Table for Determining Accepted Projectile Velocity
Trial

Distance
Proj.
Travels

Proj.
Velocity

1
2
3
4
5
Average
Velocity

Hints on Conclusions: Be sure to mention all aspects of the lab in
your conclusions. There are three areas being investigated: 1.) the
elasticity of collisions between balls of different materials, 2.) the
accuracy of determining initial velocity using the conservation of
momentum and 3.) the accuracy of using the conservation of momentum in
this particular set of collisions. Each area raises its own
questions. A few examples of the questions raised are:
1.) Does material play a role in elasticity?
2.) Did the conservation of momentum yield the correct result
for the velocity of the projectile before the collision? How
would this affect your results in part 1? Was the device very
precise in giving the same velocity each time?
3.) Was the conservation of momentum satisfied? If it was not
perfect, why not? Was it different for each of the different
balls? If so, why? What does this tell you about our system?
What does this say about outside forces?
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