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INTRODUCTION TO MOMENTUM
● MOMENTUM: A physical quantity that “combines” an object’s mass & speed  Momentum ____ = ______ [________]
- When objects collide, what matters is NOT their masses or speeds individually, but their combination (______).
EXAMPLE 1: A 140 kg football linebacker running at 6 m/s
tackles head-on, in the air, a 110 kg halfback at 8 m/s.
(a) Calculate each person’s momentum before collision.
(b) If they get entangled, in whose direction do they move?

EXAMPLE 2: How fast would you have to throw a 145-g
baseball so it has the same momentum as a 10-g sniper
rifle bullet traveling at 900 m/s?

.

● Momentum is a ____________, and its direction is the same as the direction of ________________  Θp = _______.
- An object moving in the negative direction will have _________________ velocity AND momentum.
EXAMPLE 3: A 2-kg object moves in space with 10 m/s directed at 37o above the horizontal. (a) Calculate the object’s
momentum. (b) Calculate the horizontal and vertical components of the object’s velocity AND momentum.

PRACTICE 1: The horizontal and vertical components of a 3-kg object in space are 54 kg m/s and 72 kg m/s, respectively.
Calculate the magnitude and direction of the object’s momentum.
 EXTRA: What is the object’s speed?
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MOMENTUM AND IMPULSE
● Newton’s 2nd Law can be re-written in terms of momentum  ΣF = ma = _________ = _________ = ________.
- By re-arranging this new version, we get a new physical quantity:
 _______________: ____ = _______ = _________.

- This is similar to Work*:

____ = _______ = _________.

- Because Impulse can be written in two ways, it has two [equivalent] sets of units: ___________ & ___________.
EXAMPLE 1: A 50-kg crate is initially at rest on a smooth, horizontal surface. You push on the crate with a constant,
horizontal 100 N, for 8 seconds. Calculate: (a) the impulse that you deliver to the crate; (b) the crate’s speed after 8 s.

PRACTICE 1: You throw a 100-g ball with 30 m/s. If the ball is in your hand for 0.2 s, find the impulse you deliver to it.
 EXTRA: Calculate the average force that you exert on the ball.

EXAMPLE 2: A 145-g baseball has a horizontal 40 m/s before coming into contact with the bat, and 45 m/s in the opposite
direction right after. The bat is in contact with the ball for 0.03 s. Calculate the impulse delivered to: (a) the ball; (b) the wall.

 NOTE: Because of Newton’s 3rd Law (Action/Reaction): FA,B = – FB,A  JA,B = – JB,A  ΔpA = – ΔpB
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MORE MOMENTUM-IMPULSE PROBLEMS

J = F Δt = Δp = m ( vf – vi )

EXAMPLE 1: When a 1,200-kg car collides with 20 m/s against a wall, it stops after 1.0 m of the car is compressed against
the wall. (a) Assuming a uniform deceleration, how long does the collision last? (b) Use momentum/impulse to find the
average force exerted on the car.

PRACTICE 1: You catch a 624-g basketball originally moving with 10 m/s. Calculate the impulse delivered to the ball.

PRACTICE 2: When a 300-g ball is dropped from 3 m, it hits the floor and rebounds to a height of 2 m. If the ball is in
contact with the floor for 0.02 s, what is the average force exerted by the floor on the ball?

PRACTICE 3: A box of unknown mass on a flat surface slows down from 12 m/s to 4 m/s after crossing a rough patch. The
box-patch coefficient of friction is 0.5. Use impulse/momentum to find how long (in s) the box takes to cover the entire patch.

Page 4

PHYSICS - CLUTCH NON-CALC
CH 10: MOMENTUM & IMPULSE
IMPULSE WITH VARIABLE FORCES (FORCE-TIME GRAPHS)

J = F Δt = Δp = m ( vf – vi )

● So far we have used an object’s ______________ force when discussing impulse.
- This is because during collisions forces are not constant.
- In problems where forces are variable, the total impulse is the _______________________ the Force-time graph.
EXAMPLE 1: A 5-kg object, initially at rest, is acted upon by a variable force, according to the force-time diagram below.
Calculate (a) the total impulse delivered to the object; and (b) the object’s final speed.

PRACTICE 1: The force shown in the force-time graph below acts on a 4-kg object. If the object has final speed (at t = 8 s)
of 3 m/s, calculate its initial speed (at t = 0 s).

PRACTICE 2: A 650-g basketball is dropped from 3.0 m. When it bounces on a hard surface, it experiences a variable force
as shown below (the y-axis is in kN, the x-axis is in ms). What is the ball’s speed immediately after bouncing?
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INTRO TO CONSERVATION OF MOMENTUM
● A KEY aspect of Momentum is that when 2+ objects interact, the momentum of the SYSTEM is ____________________.
- A SYSTEM is just a collection of objects. The total momentum of a system is the SUM of the individual momenta:
p SYS = ________ = ____________ = __________________

EXAMPLE 1: Objects A (4 kg) and B (6 kg) move towards each other. Object A moves to the right with 9 m/s, and B moves
with 6 m/s. Calculate the total momentum of the system.

EXAMPLE 2: Calculate the momentum of the system below if both objects have mass = 2 kg.

10m/s
5m/s
o

37

37o

● Interactions between two objects fall into two broad categories:
(1) COLLISIONS

(2) “PUSH-AWAY”  Throwing/Recoil, Mutual Pushing, Explosions

● In problems where objects (usually just two) are interacting, we will often use the Conservation of Momentum equation:
______ = ______

__________ = __________

_______________ = ________________

EXAMPLE 3: Two balls towards each other. Ball A (3 kg) and moves with 7 m/s to the right, and B (4 kg) moves with 5 m/s.
After the collision, B moves with 2 m/s to the right. Find magnitude and direction of the velocity of ball A after the collision.
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CONSERVATION OF MOMENTUM: PUSH-AWAY PROBLEMS

m1 v1,i + m2 v2,i = m1 v1,f + m2 v2,f

● When two objects interact (collisions or “push-away”), the momentum of the SYSTEM is conserved.
à NOTE: (1) The individual momenta are likely NOT conserved;

(2) For ONE object, momentum is NOT necessarily conserved.
EXAMPLE 1: A 2 kg object is falling. Ignore air resistance. Is momentum conserved?

● In many “push-away” problems, the system is initially at rest. So the Conservation of Momentum equation simplifies:
EXAMPLE 2: Find the recoil speed of a 4-kg rifle if it shoots a 5-g bullet with a muzzle speed of 600 m/s.

PRACTICE 1: An 80-kg astronaut is floating in space is 30 m away from his spaceship. He wants to return to his spaceship
in 10 s. With how much speed must he throw his 2-kg space hammer, directly away from the spaceship, to accomplish this?
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MORE PUSH-AWAY PROBLEMS

m1 v1,i + m2 v2,i = m1 v1,f + m2 v2,f

EXAMPLE 1: Two skaters of masses M and 1.3 M are at rest on ice. When they push against each other for T seconds, the
lighter skater moves back with speed V. Derive an expression for: (a) the speed of the heavier skater (in terms of M and V);
(b) the average force did they exert on each other.

EXAMPLE 2: A 60-kg boy rides on a 2-kg skate at 6 m/s while holding a 5-kg ball. He throws the ball forward with 10 m/s,
respective to the floor. Calculate his speed, relative to the floor, after throwing the ball (note there are three objects).
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PUSH-AWAY PROBLEMS: WALKING ON CANOES

m1 v1,i + m2 v2,i = m1 v1,f + m2 v2,f

EXAMPLE 1: A 50-kg girl is on a 90-kg canoe, at rest on calm water. The girl then walks 3 m to the right of the canoe, with a
constant 2 m/s.
(a) What is the magnitude and direction of the velocity that the canoe will attain as a result, relative to the water?
(b) How much does the canoe move, relative to the water?
(c) How much does the girl move, relative to the water?
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ADDING / REMOVING A MASS TO / FROM A MOVING OBJECT
● If you add/remove a mass to/from a moving object, the speed of the system (object + new mass) may change.
 If one object gains/loses momentum, the other must gain/lose the same amount (so momentum is conserved).
EXAMPLE 1: A 70-kg sled is moving horizontally at 10 m/s on frictionless ice when a 30-kg child lands vertically on it.
Calculate the sled’s speed after the child lands on it.

EXAMPLE 2: A 40-kg boy runs parallel to a 3-kg skateboard. Both move in the positive x-axis with 10 m/s. The boy then
steps into the skateboard, and they both continue to move in the positive x-axis (no change in direction). Calculate the new
speed of the system (skateboard + boy).

EXAMPLE 3: A 30-kg child is on top of a 60-kg sled that is moving horizontally at 15 m/s on frictionless ice when the child
falls sideways from the sled. Calculate: (a) the child’s speed after falling off; (b) the sled’s speed after the child falls off.
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HOW TO IDENTIFY THE TYPE OF COLLISION

m1 v1,i + m2 v2,i = m1 v1,f + m2 v2,f

● We can use a series of simple “checks” to determine the type of collision, based on the key characteristics of each type:
CHECK 1:

If m1v1i + m2v2i ≠ m1v1f + m2v2f



Collision not possible

CHECK 2:

If v1f = v2f



Completely Inelastic

CHECK 3:

If v1i + v1f = v2i + v2f



Elastic



Inelastic

DEFAULT:

EXAMPLE: Two blocks move on flat, smooth surfaces. Object A (2 kg) is to the left of object B (1 kg). For each set of initial
and final velocities (all in m/s), determine the type of collision (take the right to be the direction of positive):
(a) vA,i = +3, vB,i = +2; vA,f = +2.33, vB,f = +3.33

(b) vA,i = +2, vB,i = +6; vA,f = +1, vB,f = +8

PRACTICE: Two blocks move on flat, smooth surfaces. Object A (3 kg) is to the left of object B (5 kg). For each set of initial
and final velocities (all in m/s), determine the type of collision (take the right to be the direction of positive):
(a) vA,i = – 2, vB,i = – 4; vA,f = – 4, vB,f = – 2

(b) vA,i = +6, vB,i = – 2; vA,f = +1, vB,f = +1
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PRACTICE: INELASTIC COLLISIONS

m1 v1,i + m2 v2,i = m1 v1,f + m2 v2,f

EXAMPLE 1: A wooden block of mass 10 M is at rest on flat surface. A bullet of mass M is shot and reaches the block with
speed V. If the bullet stays lodged inside the block, find the final speed that the system will have, in terms of M and V.

EXAMPLE 2: One type of 50-cal sniper rifle bullet has mass 800 g and can reach 882 m/s. (a) Suppose an 80-kg person,
initially at rest on ice, is shot by such a bullet, which stays lodged in the person’s bullet-proof vest. Calculate the person’s
speed after being shot. (b) Now suppose the same bullet goes through an 80-kg wooden crate, also initially at rest on ice,
and emerges out of the crate with 300 m/s. Calculate the crate’s final speed after the bullet goes through it.

EXAMPLE 3: Two people are at rest on ice, facing each other. Person A (70 kg), from the left, throws a 5 kg heavy ball
towards person B (60 kg) with 10 m/s. Calculate: (a) A’s speed after throwing the ball; (b) B’s speed after catching the ball.
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2D COLLISIONS
● As with every 2D problem in Physics, we deal with X & Y separately, and write:
[X] M1V1ix + M2V2ix = M1V1fx + M2V2fx

[Y] M1V1iy + M2V2iy = M1V1fy + M2V2fy

- Remember also that: V1ix = Vi1 cosΘi1

V2fy = _____________

EXAMPLE 1: A 1.57-kg white billiard ball moving in the +X axis with 4 m/s hits a 1.57-kg black billiard ball that is initially at
rest. As a result, the black ball moves with 3 m/s at 37 o below the X axis. Calculate the magnitude and direction of the white
ball’s velocity after the collision.

EXAMPLE 2: An 1,100-kg car moving east with 30 m/s collides at an intersection with a 2,220-kg pick-up truck moving north
with 20 m/s. As a result of the collision, the two vehicles stay stuck and move together. Calculate the magnitude and
direction of the two vehicles after the collision.
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CONCEPT: NEWTON’S SECOND LAW REVISITED
● When Newton’s second law was first introduced, we said Σ𝐹 = ____________
- HOWEVER, this is not how Newton published his second law; he actually published it in terms of momentum

● The CORRECT FORM of Newton’s Second Law is

Σ𝐹 = ____________

EXAMPLE 1: Under what conditions does the correct form of Newton’s second law equal our usual form? Is it always true?

● As you saw in the above example, this form of Newton’s second law is useful when mass is changing
- This could be for something like a rocket, which burns a significant weight in fuel
- Other problems could be something like adding mass to an object as it moves
EXAMPLE 2: A boy pulls a wagon along the ground behind him while it rains. If it’s raining at 150 mL/s, and the boy pulls
the wagon at a constant speed of 1 m/s, how hard does he have to pull on the wagon to move it? Assume that the ground is
frictionless, and that rain has a density of 1000 kg/m3.
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2D MOMENTUM-IMPULSE PROBLEMS

J = F Δt = Δp = m ( vf – vi )

● Impulse is also a ____________, and its direction is the same as the direction of _______________  ΘJ = _______.
EXAMPLE 1: An object of unknown mass, initially moving with 200 kg m/s momentum in the +x-axis, has 100 Ns of impulse
delivered to it (by a force directed along the – y-axis). Calculate the magnitude and direction of the object’s final momentum.

EXAMPLE 2: A 145-g baseball moves with 35 m/s to the right. After a 0.01-s contact with a bat, the ball moves with 50 m/s
to the left, at 37o above the horizontal. Calculate the horizontal and vertical components of: (a) the impulse delivered to the
ball; (b) the average force exerted on the ball. (c) Calculate the magnitude of the impulse and the force on the ball.

PRACTICE 1: A 200-g ball going up diagonally hits a vertical wall with 10 m/s at an angle of 30 o with the wall. It then
rebounds with the same speed and same angle. What is the magnitude of the impulse delivered to the ball?
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PUSH-AWAY PROBLEMS WITH ENERGY

m1 v1,i + m2 v2,i = m1 v1,f + m2 v2,f

EXAMPLE 1: A bomb explodes in the air into two fragments. One fragment is 3 kg in mass and moves with +100 m/s.
(a) If the second fragment is 4 kg in mass, what velocity will it attain?
(b) How much energy was stored in the bomb?

PRACTICE 1: Two blocks (3 kg and 4 kg) on a smooth floor are pressed against a light spring (force constant 800 N/m)
between them. When the blocks are released, the 3 kg is launched with 10 m/s.
(a) What speed is the 4 kg launched with?
(b) How much was the spring compressed by before the blocks were released?
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PRACTICE: ELASTIC COLLISIONS

m1 v1,i + m2 v2,i = m1 v1,f + m2 v2,f

EXAMPLE 1: Two objects of same mass undergo an elastic, head-on collision. Object A, from the left, has speed 3 m/s, and
object B has speed 4 m/s. Calculate their final velocities (magnitude and direction) after the collision.
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INTRO TO COLLISIONS WITH MOTION (MOMENTUM *AND* ENERGY)
● Some collision problems have more than one part: One or both objects are moving either before or after the collision.
- In these problems, we’ll use BOTH Conservation of ________________ and Conservation of ________________.
EXAMPLE 1: A 20-kg crate slides on a smooth horizontal surface with 40 m/s. The box then collides and sticks to a 30-kg
crate that is initially at rest. After the collision, the crates stick together and go up a frictionless incline that makes an angle
of 37o with the horizontal. (a) How HIGH up the hill will the crates reach? (b) How FAR up the hill will the crates reach?

PRACTICE 1: A 40-kg crate is released from rest from the top of a 10-m long, smooth inclined plane that makes an angle of
53o with the horizontal. At the bottom of the plane, a 50-kg crate is initially at rest on a smooth horizontal surface. After
hitting the second crate, the first crate stands still. Calculate the speed of the second crate after the collision.

Page 18

PHYSICS - CLUTCH NON-CALC
CH 10: MOMENTUM & IMPULSE
COLLISIONS WITH MOTION: FIND INITIAL VELOCITY
● In some Collision+Motion (Momentum+Energy) problems, you’ll be asked to calculate the initial velocity (“backwards”).
EXAMPLE 1: A 300-g bullet strikes a 10-kg block that is at rest on a horizontal surface. The bullet stays lodged inside of the
block, causing it to move. If the coefficient of friction between the block and the surface is 0.600, and the block slides a total
distance of 35 m, calculate the speed with which the bullet hit the block.
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COLLISIONS WITH MOTION: PENDULUMS!
● Some Collision+Motion problems involve pendulums!
- In some of these, we may need the Pendulum Equation 
EXAMPLE 1: A pendulum is constructed from a 40-kg block and a light, 2-m long string. The pendulum is at rest at its
equilibrium position when it is struck by a 500-g bullet traveling with a horizontal 700 m/s. The bullet emerges from the block
with 400 m/s. As a result of the collision, the pendulum swings up. Calculate:
(a) the maximum height that the pendulum will obtain;
(b) the maximum angle that the pendulum will make with the vertical axis.
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PRACTICE: COLLISIONS WITH MOTION: PENDULUMS!
PRACTICE 1: Two pendulums are setup as shown below. Pendulum 1 (3 kg) is held at rest horizontally, while 2 (4 kg) is at
rest at its equilibrium position. Both have light, 5-m long strings. When you release 1, it falls and strikes 2 at its lowest point.
After the collision, 1 stays in place, and 2 swings up. Calculate:
(a) the speed of block 1 just before colliding against 2;
(b) the speed of block 2 just after the collision;
(c) the maximum height that 2 will reach after the collision;
(d) the maximum angle that 2 will make with the vertical axis.

1

2
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COLLISIONS WITH MOTION: SPRINGS!
EXAMPLE 1: A 15-kg block is on a horizontal smooth surface and attached to a horizontal spring of force constant 800 N/m,
which in turn is attached to a wall. The block is at rest when a 400-g bullet strikes it. The bullet becomes embedded on the
block, causing it to move and compress the spring a maximum distance of 0.7 m. Calculate the initial speed of the bullet.
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CENTER OF MASS (AND CENTER OF GRAVITY)
● In Physics, sometimes it’s useful to simplify SYSTEM of objects by replacing ALL objects with a single, equivalent object.
- This single object will have mass M = ________ and will be located at the system’s _______________________:
2kg

10 m

2kg

 Center of Mass Equation:
- If objects are in a 2D plane, we also have:

XCM = _________ = ___________________________.
YCM = _________ = ___________________________.

EXAMPLE 1: Two masses are placed along the x-axis: mass A (10 kg) is placed at 0.0 m and mass B (20 kg) at 4.0 m. Find
the Center of Mass of this system.

● A system’s Center of GRAVITY is the same as its Center of MASS IF the gravitational field is ______________.
- Unless otherwise stated, we assume gravitational fields are constant  so Center of Gravity = Center of Mass.
EXAMPLE 2: Three masses are placed on an X-Y plane: mass A (10 kg) is placed at coordinates (0, 0) m, mass B (8 kg) at
(0, 3) m, and mass C (6 kg) at (4, 0) m. Find the X, Y coordinates for the Center of Mass of this system.
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