Main Menu Table of Contents

Chapter 14

Force and Motion
In January 1993, the 53rd space shuttle mission crew brought
some toys on board. During the flight, crew members took the
toys out and played with them to see how they would work in
“microgravity.” Could you imagine trying to shoot a foam ball
through a hoop while floating around in the space shuttle? How
about running a toy car around a loop track – would that work?
This chapter will help you use laws of motion to explain the
motion of objects on Earth, and then you will be able to predict
how toys would work in space. Do an Internet search on “toys in
space” to learn more about the interesting space shuttle
experiments.
Sir Isaac Newton, who lived from 1642 – 1727, answered many
questions about motion. Many historians believe Newton’s ideas
about motion were the beginning of modern science. Read this
chapter and you will know all about motion too!

1. Why is a bowling ball harder to move than a golf
ball?
2. What would happen if Sir Isaac Newton had a
skateboard contest with an elephant?
3. What happens to the speed of an object as it falls
freely?
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14.1 Newton’s First and Third Laws
Sir Isaac Newton (1642-1727), an English physicist and mathematician, was one of the
most brilliant scientists in history. Before age 30, he had made many important
discoveries in physics and had even invented a new kind of mathematics called calculus.
Newton’s three laws of motion are probably the most widely used natural laws in all of
science. The laws explain the relationships between the forces acting on an object, the
object’s mass, and its motion. This section discusses Newton’s first and third laws.

force - a push or pull, or any
action that is able to change
motion. Force is measured in
newtons (N).

Force changes motion
Changing an Suppose you are playing miniature golf and it is your turn. What
object’s motion must you do to make the golf ball move toward the hole? Would you

yell at the ball to make it move? Of course not! You would hit the ball
with the golf club to get it rolling. In physics language, “hit the ball”
means the golf club applies a force to the ball. This force is what
changes the ball from being at rest to being in motion (Figure 14.1).
Motion can change only through the action of a force.

What is force? A force is a push or pull, or any action that is able to change motion.

The golf ball will stay at rest until you apply force to set it in motion.
Once the ball is moving, it will continue to move in a straight line at a
constant speed, unless another force changes its motion. You need
force to start things moving and also to make any change to their
motion once they are moving. Forces can be used to increase or
decrease the speed of an object, or to change the direction an object is
moving. Recall that velocity is speed with direction. Any change in
velocity requires force.

How are forces Forces are created in many different ways. For example, your
created? muscles create force when you swing the golf club. Earth’s gravity

creates forces that pull on everything around you. On a windy day,
the movement of air can create forces. Each of these actions can
create force and they all can change an object’s motion.
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Figure 14.1: Force is the action that has
the ability to change motion. Without force,
the motion of an object cannot be started or
changed.
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The law of inertia
Force is required There can be no change in motion without force. Anytime there is a
to change motion change in motion a force must exist, even if you cannot immediately

recognize the force. For example, when a rolling ball hits a wall and
bounces, its motion quickly changes. That change in motion is caused
by the wall creating a force that changes the direction of the ball’s
motion.

Stopping a Let’s keep playing golf and assume you are on a perfectly level golf
moving object course with no friction at all. Once the golf ball is moving, how can you

stop it? If you do nothing the ball will keep rolling at the same speed in
the same direction forever. When the net force is zero, objects continue
moving with the exact same motion they already have. This idea is
known as Newton’s first law of motion. The only way to stop the ball is
to apply a force in a direction opposite its motion.

Newton’s first law - an object at
rest will stay at rest and an object
in motion will stay in motion with
the same velocity unless acted on
by an unbalanced force.

inertia - the property of an object
that resists changes in its motion.
unbalanced forces - result in a
net force on an object that can
cause changes in motion.

Newton’s first law Newton’s first law says that objects continue the motion they already
have unless they are acted on by a net force. If the net force is zero, an
object at rest will stay at rest. If an object is acted upon by
unbalanced forces, its motion will change.

Inertia Inertia is the property of an object that resists changes in motion. To

understand inertia, imagine trying to move a bowling ball and a golf
ball (Figure 14.2). Which needs more force? Of course, the bowling ball
needs more force to get it moving at the same speed as the golf ball
(assuming the forces act for the same length of time). The bowling ball
also needs more force to stop. A bowling ball has more inertia than a
golf ball. The greater an object’s inertia, the greater the force needed
to change its motion. Because inertia is an important idea, Newton’s
first law is sometimes called the law of inertia.

Mass Inertia comes from mass. Objects with more mass have more inertia

and are more resistant to changes in their motion. Mass is measured
in kilograms (kg). A golf ball has a mass of 0.05 kilograms, and the
average bowling ball has a mass of 5 kilograms. A bowling ball is 100
times as massive, so it has 100 times the inertia.

A bowling ball
5000 grams
5 kilograms

A golf ball
50 grams
0.050 kilogram

Figure 14.2: A bowling ball has

more mass than a golf ball. The bowling
ball is harder to move because it has
more inertia.

14.1 NEWTON’S FIRST AND THIRD LAWS
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The net force
Multiple forces When you hit a golf ball, the force from the club is not the only force

that acts on the ball (Figure 14.3). The ball’s weight, the normal force
from the ground, and friction are also acting. Which force determines
how the ball moves?

Net force causes You are right if you are thinking “all forces together.” The motion of
motion an object depends on the net force acting on it. There is almost always
more than one force present because gravity acts on all objects.

Adding forces Recall that force is a vector. Adding up forces can be different from

simply adding numbers because the directions of the forces matter.
To find the net force, you must include positive and negative signs to
account for the directions of the forces. Newton’s first law is often
written in terms of the net force: an object at rest will stay at rest and
an object in motion will continue in motion at constant velocity
UNLESS there is a net force.

Net force and
the first law

Figure 14.3: Four forces act on a golf
ball.The net force determines how it
moves.

A car drives along the highway at constant velocity. Find the car’s weight and
the friction force.

Engine force =
2000 N

1. Looking for:

You are asked for the weight and the friction force.

2. Given:

You are given the normal force and engine force. The
car is moving at a constant velocity.

3. Relationships:

Newton’s first law states that if the car is moving at a
constant velocity, the net force must be zero.

4. Solution:

The weight balances the normal force, so the weight is -12,000 N. The engine force balances the
friction force, so the friction force is -2,000 N.

Friction force
Normal
force =
12,000 N

Weight

Your turn...
a. Identify the forces on the same car if it is stopped at a red light on level ground. Answer: The friction force and engine
force are zero. The weight and normal force are still each 12,000 N
b. As you sit on a chair, the chair exerts a normal force of 550 N on you. If you weigh 600 N, what is the normal force of
the ground on your feet? Answer: 50 N
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Forces always come in matched pairs
Throwing a ball Newton’s first law applies to the motion of an individual object.

However forces must be applied by something! Think about throwing
a basketball (Figure 14.4). You feel the ball push back against your
hand as you throw it. You know you apply a force to the ball to make it
move. Where does the force against your hand come from?

An imaginary Imagine a skateboard contest between Newton and an elephant. They
skateboard can only push against each other, not against the ground. The fastest
contest one wins. The elephant knows it is much stronger and pushes off
Newton with a huge force thinking he will surely win. But will he?

Figure 14.4: You experience the

third law (action-reaction) whenever
you apply force to any object, such as a
basketball.

The winner The result of the giant push from the elephant is that Newton flies

away with a great speed and the puzzled elephant moves backwards
with a much smaller speed. Newton wins — and will always win. No
matter how hard the elephant pushes, Newton always moves away at
a greater speed. In fact, Newton doesn’t have to push at all and he still
wins. Why?

Forces always You already know it takes force to make both Newton and the
come in pairs elephant move. Newton wins because forces always come in pairs. The

elephant pushes against Newton and that action force pushes Newton
away. The elephant’s force against Newton creates a reaction force
against the elephant. The action and reaction forces are equal in
strength. Newton has a lot less mass (inertia) so he gains more speed.

Think of three examples of action
reaction that you experienced
before class today. Write each one
down and identify the action and
reaction forces. Also write down
what object each force acts on.
Hint: the action and reaction
forces never act on the same
object.

14.1 NEWTON’S FIRST AND THIRD LAWS
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The third law: action and reaction
The first and The first law of motion applies to single objects. The first law says an
second laws object will remain at rest or in motion at constant velocity unless
acted upon by a net force.

The third law The third law of motion deals with pairs of objects. This is because all
forces come in pairs. Newton’s third law states that every action
force creates a reaction force that is equal in strength and opposite in
direction.

Newton’s third law - For every
action force, there is a reaction
force equal in strength and
opposite in direction.

Every action force creates a reaction force
that is equal in strength and opposite in
direction.
Force pairs There can never be a single force, alone, without its action-reaction

partner. Forces only come in action-reaction pairs. The force exerted
by the elephant (action) moves Newton since it acts on Newton. The
reaction force acting back on the elephant is what moves the
elephant.

The labels The words action and reaction are just labels. It does not matter
“action” and which force is called action and which is reaction. You choose one to
“reaction” call the action and then call the other one the reaction (Figure 14.5).
Why action and
reaction forces
do not cancel
each other out

Why don’t action and reaction forces cancel each other out? The
reason is action and reaction forces act on different objects. For
example, think again about throwing a ball. When you throw a ball,
you apply the action force to the ball, creating the ball’s acceleration.
The reaction is the ball pushing back against your hand. The action
acts on the ball and the reaction acts on your hand. The forces do not
cancel because they act on different objects. You can only cancel
forces acting on the same object (Figure 14.6).

Figure 14.5: It doesn’t matter which
force you call the action and which the
reaction.

ACTION

REACTION

force on ball

force on hand

Figure 14.6: Action and reaction

forces do not cancel.One force acts on the
ball, and the other force acts on the
hand.
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Action and reaction forces
A skateboard Think carefully about moving the usual way on a skateboard. Your
example foot presses backward against the ground (Figure 14.7). The force acts

on the ground. However, you move, so a force must act on you. Why do
you move? What force acts on you? You move because the action force
of your foot against the ground creates a reaction force of the ground
against your foot. You “feel” the ground because you sense the reaction
force pressing on your foot. The reaction force is what makes you move
because it acts on you.

Draw diagrams When sorting out action and reaction forces it is helpful to draw

diagrams. Draw each object apart from the other. Represent each force
as an arrow in the appropriate direction.Here are some guidelines to
help you sort out action and reaction forces:
•
•
•
•
•

Action and
reaction

Figure 14.7: You move forward
because of the reaction force of the
ground on your foot.

Both are always there whenever any force appears.
They always have the exact same strength.
They always act in opposite directions.
They always act on different objects.
Both are real forces and can cause changes in motion.

A woman with a weight of 500 N is sitting on a chair. Describe an action-reaction pair of forces.
1. Looking for:

You are asked for a pair of action and reaction forces.

2. Given:

You are given one force in newtons.

3. Relationships:

Action-reaction forces are equal and opposite, and act on different objects.

4. Solution:

The force of 500 N exerted by the woman on the chair seat is an action. The chair
seat acting on the woman with an upward force of 500 N is a reaction.

Your turn...
a. A baseball player hits a ball with a bat. Describe an action-reaction pair of forces. Answer: The force of the bat on the ball
accelerates the ball. The force of the ball on the bat (reaction) slows down the swinging bat (action).
b. Earth and its moon are linked by an action-reaction pair. Answer: Earth attracts the moon (action) and the moon attracts
Earth (reaction) in an action-reaction pair. Both action and reaction are due to gravity.
14.1 NEWTON’S FIRST AND THIRD LAWS
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Collisions
The effect of Newton’s third law tells us that any time two objects hit each other,
forces they exert equal and opposite forces on each other. However, the

effect of the force is not always the same. Imagine two hockey players
moving at the same speed toward each other, one with twice the mass
of the other. The force on each during the collision is the same
strength, but they do not have the same change in motion.

Force = 200 N
m = 80 kg

Force = 200 N
m = 40 kg

Figure 14.8: The car has less inertia,
so accelerates more and becomes more
damaged than the truck.

More mass The person with more mass has more inertia. More force is needed to
results in less change his motion. Because of his greater inertia, the more massive
acceleration skater will have a smaller change in motion during the collision. The
forces on each skater are always exactly equal and opposite. The two
skaters have different changes in motion because they have different
amounts of inertia, not because the forces are different.

Auto collisions The same is true of vehicles in a collision. When a large truck hits a

small car, the forces are equal (Figure 14.8). However, the small car
experiences a much greater change in velocity much more rapidly
than the big truck.

Safety features Riding in a vehicle with a large mass does not guarantee passengers

are safe in a collision. Large SUVs are more likely to roll over during
accidents, and rollovers frequently cause injuries. Auto
manufacturers conduct crash tests to help them improve the design of
cars. Safety features such as seat belts, airbags, and antilock brakes
help make cars safer (Figure 14.9).
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Figure 14.9: Safety features help
passengers avoid injury during a
collision.
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14.1 Section Review
1. A force is any action that changes motion. For each of the following
situations, identify what creates the force.
a. A flag flaps back and forth at the top of a flagpole.
b. A soccer ball is passed from one player to another.
c. A large piece of hail falls to the ground.
d. The tide goes from high to low at the shore (you might have to
do a little research to get this one if you don’t know already).
2. Which has more inertia - a shopping cart full of groceries or an
empty shopping cart?

3. The net force acting on a car rolling down a ramp is the
combination of three forces. One of the forces is the ramp pushing
up to support the car.
a. Name the other two forces acting on the car.
b. Which of these two forces helps the motion of the car?
c. Which of these two forces acts against the motion of the car?
4. Emilio tries to jump to a nearby dock from a canoe that is floating
in the water. Instead of landing on the dock, he falls into the water
beside the canoe. Use Newton’s third law to explain why this
happened.
5. Molly is sitting motionless on a playground swing. The downward
force is 500 N. How much force is there on each of the two swing
chains? Draw a diagram to go with your answer.
6. Two teams participate in a tug-of-war contest. Describe the actionreaction force pair that will determine who wins the contest. (Hint:
action - reaction force pairs act on different objects!)

Squid Science

A squid takes water into its body
chamber and rapidly pushes it out
of a backward-facing tube. What
are the action - reaction forces in
this example? Draw a diagram to
go with your answer.
Did you know that in September
2004, Japanese scientists took
over 500 photos of a giant squid?
The animal was nearly 25 feet
long! This was the first ever record
of a live giant squid in the wild.
Check out National Geographic’s
website for more information and
photos.

14.1 NEWTON’S FIRST AND THIRD LAWS
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14.2 Newton’s Second Law
Newton’s first law says that a force is needed to change an object’s motion. But what
kind of change happens? The answer is acceleration.The amount of acceleration depends
on both the force and the mass according to Newton’s second law. The second law is
probably the most well-used relationship in all of physics.

acceleration - the rate of change
of velocity.

Acceleration
Definition of What happens if you coast down a long hill on a bicycle? At the top of
acceleration the hill, you move slowly. As you go down the hill, you move faster
and faster—you accelerate. Acceleration is the rate at which your
velocity (speed with direction) changes. If your speed increases by
1 kilometer per hour (km/h) each second, then your acceleration is
1 km/h per second.

Steeper hills Your acceleration depends on the steepness of the hill. If the hill is a

gradual incline, you have a small acceleration, such as 1 km/h per
second. If the hill is steeper, your acceleration is greater, perhaps 2
km/h per second. On the gradual hill, your speed increases by 1 km/h
every second. On the steeper hill, it increases by 2 km/h every second.

Acceleration and If an object’s acceleration is zero, the object must be moving at a
direction constant speed in a straight line (or stopped). Acceleration occurs

whenever there is a change in speed, direction, or both (Figure 14.10).
For example, a car driving around a curve at a constant speed is
accelerating (in the “physics” sense) because its direction is changing.
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Figure 14.10: A car can change its

velocity by speeding up, slowing down,
or turning.
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Units of acceleration
Speed units and Acceleration is the rate of change of an object’s speed. To calculate
time units acceleration, you divide the change in speed by the amount of time it

takes for the change to happen. In the example of the bicycle,
acceleration was given in kilometers per hour per second. This unit
can be abbreviated as km/h/s. Notice that two time units are included
in the unit for acceleration. One unit of time is part of the speed unit,
and the other is the time over which the speed changed.

Newton
One newton (N) is the force it takes to
change the speed of a 1 kg mass by
1 m/s in 1 second.
Time

Metric units If the change in speed is in meters per second and the time is in

seconds, then the unit for acceleration is m/s/s or meters per second per
second. An acceleration of 10 m/s/s means that the speed increases by
10 m/s every second. If the acceleration lasts for three seconds, then
the speed increases by a total of 30 m/s (3 seconds × 10 m/s/s).

What do units of An acceleration in m/s/s is often written m/s2 (meters per second
seconds squared squared). The steps below show you how to simplify the fraction m/s/s
2
mean? to get m/s . Saying seconds squared is just a math-shorthand way of
talking. It is better to think about acceleration in units of speed
change per second (that is, meters per second per second).
Acceleration =
Plug in values

m
50 s
s

Change in speed
Change in time

m
1
50 s x s

50

m
sxs

1N

Time

2 m/s
1N

How we get units of m/s2

Clear the compound fraction

1 m/s

1 kg

1 kg

Figure 14.11: The force unit the
newton is defined in terms of the
acceleration it can create.

Final units

m
50 s2

Acceleration in Nearly all physics problems will use acceleration in m/s2 because these
m/s2 units agree with the units of force (newtons). One newton is2 the force
needed to accelerate a one-kilogram mass at a rate of 1 m/s
(Figure 14.11). If you measure speed in centimeters per second, you
may have to convert to meters per second before calculating
acceleration. This is especially true if you do any calculations using
force in newtons.

14.2 NEWTON’S SECOND LAW
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Calculating acceleration
The equation for To calculate acceleration, you divide the change in speed by the time
acceleration over which the speed changes. For example, if a bicycle’s speed
increases from 2 m/s to 6 m/s, its change in speed is 4 m/s. Because
two speeds are involved, subscripts are used to show the difference.
The starting speed is v1, and the ending speed is v2.

ACCELERATION
Change in speed (m/s)

a = v2 - v1
t Time (s)

Acceleration
(m/s2)

Positive and If an object speeds up, it has a positive acceleration. If it slows down,
negative it has a negative acceleration. In physics, the word acceleration is
acceleration used to describe to any change in speed, positive or negative.

Figure 14.12: An acceleration example
with a sailboat.

However, people sometimes use the word deceleration to describe the
motion that is slowing down.

Calculating
acceleration

A sailboat moves at 1 m/s. A strong wind increases its speed to 4 m/s in 3 seconds (Figure 14.12). Calculate the acceleration.
1. Looking for:
You are asked for the acceleration in meters per second.
2. Given:
You are given the starting speed in m/s (v1), final speed in m/s (v2), and the time in seconds.
v − v1
3. Relationships:
Use the formula for acceleration:
a = 2
t
4. Solution:
a=

4 m /s − 1 m /s 3 m /s
=
= 1 m /s 2
3s
3s

Your turn...
a. Calculate the acceleration of an airplane that starts at rest and reaches a speed of 45 m/s in 9 seconds. Answer: 5 m/s2
b. Calculate the acceleration of a car that slows from 50 m/s to 30 m/s in 10 seconds. Answer: -2 m/s2
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Force, mass, and acceleration
Newton’s second Force causes acceleration, and mass resists acceleration. Newton’s
law second law relates the force on an object, the mass of the object, and
its acceleration.

Force causes acceleration, and mass resists
acceleration.

Newton’s second law acceleration is force ÷ mass.
Mass

Acceleration

Force
Speed increases

Newton’s second The relationships between force, mass, and acceleration are combined
law in Newton’s second law.

a=

F
m

NEWTON'S SECOND LAW
Acceleration
(m/s2)

a= F
m

Mass

Force (N)

More force

More
acceleration
Speed increases
faster

Mass (kg)

F

a=
Force and The stronger the force on an object, the greater its acceleration. In
acceleration mathematical terms, the acceleration of an object is directly

proportional to the applied force. This means that increasing force
increases acceleration. If twice the force is applied, the acceleration is
twice as great.

More mass

Less
acceleration

Force
Speed increases
slower

Mass and The greater the mass, the smaller the acceleration for a given force
acceleration (Figure 14.13). That means acceleration is inversely proportional to

mass. Increasing mass decreases the acceleration caused by a given
force. For example, an object with twice the mass will have half the
acceleration if the same force is applied.

m

a

=

F

m

Figure 14.13: More force causes more
acceleration, and more mass causes less
acceleration

14.2 NEWTON’S SECOND LAW
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Applying the second law
Writing the You can use Newton’s second law to calculate force, mass, or
second law acceleration if two of the three are known. The way you write the

formula depends on what you want to know. Three ways to write the
law are summarized in Figure 14.14.

Net force and the Newton’s second law explains the effect of a force, but what if there is
second law more than one force on an object? In this case, the force that matters
is the net force. You must consider all the forces that are acting and
add them up to find the net force. Then you can use the net force to
calculate acceleration. If you work in the other direction, calculating
force from mass and acceleration, it is the net force that you get from
the second law.
To use Newton’s second law properly, keep the following important
ideas in mind.

1.
2.
3.
4.
Newton’s
second law

... if you
Use... want to
find...

F- accel. (a)
a = --m
F=ma

force (F)

mass (m)
m = F
--a

... and you
know...
force (F) and
mass (m)
acceleration (a)
and mass (m)
acceleration (a)
and force (F)

Figure 14.14: The three forms of the
equation for Newton’s second law.

The net force is what causes acceleration.
If there is no acceleration, the net force must be zero.
If there is acceleration, there must also be a net force.
The force unit of newtons is based on kilograms, meters, and seconds

A car has a mass of 1,000 kg. If a net force of 2,000 N is exerted on the car, what is its acceleration?
1. Looking for:
You are asked for the car’s acceleration.
2. Given:
You are given its mass in kilograms and the net force in newtons.
F
3. Relationships:
a =
m

4. Solution:
2000 N 2kg m / sec 2
a=
=
= 2 m/sec 2
Your turn...
1000 kg
kg
a. As you coast down the hill on your bicycle, you accelerate at 0.5 m/s2. If the total mass of your body and the bicycle is
80 kg, with what force is gravity pulling you down the hill? Answer: 40 kg·m/s2 or 40 N
b. You push a grocery car with a force of 30 N and it accelerates at 2 m/s2. What is its mass? Answer: 15 kg
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Newton’s second law and gravity
The definition of An object is in free fall if it is accelerating due to the force of gravity
free fall and no other forces are acting on it. A ball dropped off a cliff is in free

fall until it hits the ground (Figure 14.15). Objects in free fall on Earth
accelerate downward at 9.8 m/s2, the acceleration due to gravity.
Because this acceleration is used so frequently in physics, the letter g
is used to represent its value. When you see the letter g in a physics
question, you can substitute the value 9.8 m/s2.

Gravitational Gravitational force exists between all objects that have mass.
force, mass, and Newton’s law of universal gravitation says the strength of the force
distance depends on the mass of the objects and the distance between them.

The greater the masses and the smaller the distance, the greater the
force. You do not notice gravity between ordinary objects because it
takes a huge amount of mass to create enough force to notice. You feel
the force of gravity between you and Earth because the planet’s mass
is huge.

free fall - the motion of an object
acted on only by the force of
gravity.

acceleration due to gravity the acceleration of an object in
free fall, 9.8 m/s2 on Earth.

Newton’s law of universal
gravitation - the force of gravity
between objects depends on their
masses and the distance between
them.

Start

0 m/s

After 1 second
9.8 m/s

After 2 seconds
19.6 m/s

After 3 seconds

Weight Your weight is the force of gravity between you and Earth. It depends
on your mass, Earth’s mass, and your distance from Earth’s center.
You calculated weight with the formula W=mg. The g in the weight
formula is the same g that describes the acceleration due to gravity.
The value of g depends on Earth’s mass and the distance between its
center and surface. If you travel to a planet or moon with a different
mass and/or radius, the value of g and your weight would change.

29.4 m/s

Figure 14.15: An object in free fall
accelerates at 9.8 m/s2. Its speed
increases by 9.8 m/s every second.

14.2 NEWTON’S SECOND LAW
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Orbital motion
Gravitational Newton’s second law can be used to explain the motion of planets,
force and moons, and satellites in orbit. For example, the moon moves in a
acceleration 384,000 km orbit around Earth at nearly constant speed
(Figure 14.16). While the moon’s speed is constant, its direction is
not. Therefore the moon is accelerating. The gravitational force
between the Moon and Earth causes the acceleration.

orbit - the motion of one object
around another caused by
gravitational force.

Why the moon The moon orbits or moves around
doesn’t fall to Earth just as Earth and the other
Earth planets orbit the sun. But why

doesn’t the force of gravity just
pull the moon into Earth? To
answer that question, imagine
kicking a ball off the ground at an
angle. If you kick it at a slow
speed, it curves and falls back to
the ground. The faster you kick the
ball, the farther it goes before
hitting the ground. If you kick it
fast enough, the curve of the ball’s
path matches the curvature of
Earth. The ball goes into orbit
instead of falling back to Earth.

The moon falls The same idea applies to the motion of the moon. The orbiting moon
around Earth falls around Earth. But as it falls, Earth curves away beneath it.
What do you think would happen if the gravitational force between
the moon and Earth were to disappear? The moon’s inertia would
cause it to move in a straight line at a constant speed. The moon
would fly off into space!

Satellites Many human-made satellites orbit Earth providing weather data,
communications services and scientific research. These satellites
orbit much closer than the moon and must be launched at speeds
high enough to reach orbit and not fall back to Earth.
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Figure 14.16: The orbit of the moon
shown to scale.
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14.2 Section Review
1. Does a car accelerate when it goes around a corner at a constant
speed? Explain your answer.
2. Nearly all physics problems will use the unit m/s2 for acceleration.
Explain why the seconds are squared (in other words, why isn’t the
unit simply stated as m/s?)
3. A rabbit starts from rest and is moving at 6 m/sec after 3 seconds.
What is the average acceleration of the rabbit? (Figure 14.17)
4. You are running a race and you speed up from 3 m/s to 5 m/s in 4
seconds.
a. What is your change in speed?
b. What is your acceleration?
5. Explain how changing force or mass affects the acceleration of an
object, and provide examples to support your answer.
6. A tow truck pulls a 1,500-kilogram car with a net force of 4,000
newtons. What is the acceleration of the car?
7. A potato launcher uses a spring that can apply a force of 20
newtons to potatoes. A physics student launched a 100-gram
potato, a 150-gram potato, and a 200-gram potato with the
launcher. Which potato had the greatest acceleration?
8. What factors does weight depend on?

9. Earth exerts a gravitational force on the moon. Why doesn’t the
force of gravity pull the moon into the Earth?
10. An experiment measures the speed of a 250 kilogram motorcycle
every two seconds (Figure 14.18). The motorcycle moves in a
straight line. What is the net force acting on the motorcycle?

Figure 14.17: What is the average

acceleration of this rabbit? (question 3)

Figure 14.18: Speed and time data
for a 250 kg motorcycle and rider
(question 10).

14.2 NEWTON’S SECOND LAW
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Chapter 14 Connection

Skateboarding with Sir Isaac Newton
Who knew that an apple falling
from a tree would inspire flying
acrobats? The popular story
about Sir Isaac Newton sitting
under the apple tree and the
universal law of gravitation
helps explain much of how
skateboarding works.
Skateboarders are defying
gravity by leaping and skidding
over and onto obstacles at top
speeds. It also seems like they
are defying the laws of physics.
In reality, skateboarders are
using the laws of physics to make their amazing moves. The
sport demonstrates Newton’s three laws.

• Newton’s third law is probably the best known of his laws
of motion. It states that every action has an equal and
opposite reaction.

The laws of motion

On flat ground, gaining speed
is easy. Push with one foot,
and you accelerate. Half-pipes
are a little trickier. They
require “pumping.” Pumping
makes use of Newton’s second
law. When skateboarders
pump, they drop down into a
crouch as they roll through the
flat bottom of the U-shaped
half-pipe. As they enter the
sloped part of the ramp, called
the transition, they straighten
their legs. By standing up in
this way, skateboarders raise their center of mass. The
sudden shift in their center of mass gives them more energy.
More energy means acceleration. The shift in the center of
mass is in the direction the skateboarder is moving. The
skateboard accelerates in that direction.

Sir Isaac Newton, a scientist from the 17th century, came up
with the three laws of motion that explain why objects move
or don’t move.
• Newton’s first law is the law of inertia states that an
object that is at rest tends to stay at rest. An object that is
in motion tends to stay in motion with the same speed and
in the same direction unless an outside force acts on it.
Once in motion, a skateboarder will continue to move
forward (or stay in motion) unless some outside force
affects them. If the outside force is a concrete wall, you
can guess what happens. The skateboarder’s motion
changes fast. Since concrete so often provides the “outside
force” that acts on their motion, skateboarders wear
protective gear.
• Newton’s second law of motion relates to the acceleration
of an object. Acceleration depends upon the mass of the
object and the force(s) acting on the object.
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How things have changed
When skateboarding was invented, a skateboard was simply
a two-by-four on roller skate wheels. The goal was to start at
the top of a hill and ride the skateboard to the bottom
without crashing. It wasn’t long before skateboarders
wanted the sport to be more challenging.
Today, skateboarders use boards with wheels that reduce
friction. They make incredible moves. Even the most basic
skateboarding moves rely on the laws of physics. A good
example is skateboarders in half-pipes. The half-pipe is a Ushaped ramp that usually has a flat section in the middle. In
the half-pipe, controlled acceleration is absolutely essential.
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This is like pumping on a swing. The swing goes higher if
you lift your legs while passing through the bottom of the
swing’s arc. At the top of the arc, you drop your legs. The
more times you repeat this movement, the more energy you
gain. Gained energy translates into swinging higher. This
same concept is what helps skateboarders gain speed in the
half-pipe until they have the enough height and speed to
perform all kinds of stunts.
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The evolution of skateboarding will continue to change with
each new generation. Skating stunts and styles will change
dramatically, but the science will remain the same.

How does Newton’s third law affect skateboards? In essence,
it is what allows them to move. For each of the
skateboarder’s actions, there is an equal and opposite
reaction. A skateboarder pushes against the concrete at the
top of a half-pipe. The concrete pushes back. The
skateboarder is in motion. Friction between the wheels and
the concrete is a force that acts on the motion. Gravity is
another force that acts on the skateboarder’s motion. Have
you ever watched skateboarders in a half-pipe? If so, you
know that they overcome the force of friction in some pretty
dramatic ways.
In one impressive stunt, skateboarders soar above the halfpipe and perform a move called the “frontside 180.” It’s a
trick that puts a little more spin on physics. Skateboarders
appear to hang in the air for a moment after flying out of the
half-pipe. Then they skate back down the ramp.
Physics tells us that if something is rotating, it will continue
to rotate unless a twisting force stops it from rotating. The
same also holds true if something is not rotating. It will need
a twisting force to start it rotating. Skateboarders use their
arms to create this twisting force. Also known as torque, this
twisting force allows the skateboarder to turn around in midair. By pulling their arms in as they twist them,
skateboarders create torque. That’s how they seem to defy
gravity in a successful frontside 180.

Questions:
1. Do skateboarders actually defy the laws of physics? Why or
why not?
2. How does "pumping" increase a skater’s acceleration?
3. What is torque and how does a skateboarder use it?

UNIT 5 MOTION AND FORCE

Chapter 14 Connection

Motion in action

305

Main Menu Table of Contents

Back

Chapter 14 Activity

Making a Spool Car
Newton’s three laws can be used to explain the motion of
everyday objects: from a car driving down the highway to the
moon orbiting around Earth. The first law says that objects
at rest tend to stay at rest and objects in motion tend to stay
in motion with constant speed and direction. The second law
explains the relationship between force and acceleration
(a = F/m). According to the third law, an action created by
one object results in an equal but opposite reaction on
another object. In this activity you will build a car and apply
Newton’s laws to explain how it works and why it moves as it
does.

Materials:
Thread spool, assorted rubber bands, approximately 2-3 cm
long, metal washer - approximately 2 cm in diameter,
piece of masking tape, pencil, paper clip,
carpeted floor, rug, or fabric on which to run the car

What you will do
1. Attach a rubber band to
the paper clip.
2. Slide the paper clip
partially through the
center of the spool, leaving
the rubber band exposed
at one end.
3. Place the washer over the
rubber band and slide a
pencil through the loop.
4. Push the paper clip
through to the other end
of the spool.
5. Adjust the paper clip so it lies flat against the spool and
holds the rubber band in place. Use a piece of tape to
secure it.
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6. Turn the pencil several
times to twist the
rubber band. Place the
car on the carpeted
floor and release it.
7. Experiment with the
car until you can get it
to move in a straight
line. Adjusting the
position of the pencil
may be helpful.
8. Determine the number
of turns of the pencil
that gives the greatest
distance of travel.
9. If time allows,
experiment with other rubber bands until you have made
a spool car that goes as far and as straight as possible.
Race your car against your classmates to determine who
has the best car.
10.Try to run your car on a smooth floor and observe what
happens.

Applying your knowledge
a. What were you giving to the car when you turned the
pencil?
b. Did winding the rubber band a greater number of turns
always make the car go farther? Why do you think this is?
c. What was the force that caused the car to move forward?
d. Describe what happened when you ran the car on a
smooth floor. Why was there a difference in the motion?
e. Explain how each of Newton’s three laws relates to the
motion of the car.
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Vocabulary

Concepts

Select the correct term to complete the sentences.

Section 14.1

orbit

Newton’s first law

acceleration due to

Newton’s second law inertia

Which of the following best describes an application of
Newton's first law?

Newton’s third law

a.

gravity
force

free fall

acceleration

1.

Back

law of universal
gravitation

b.
Section 14.1

c.

When one object strikes another object, there is an
equal and opposite force.
As the force on an object increases, the acceleration of
the object increases.
An object rolling along a flat surface with no friction will
keep moving at the same velocity

1.

A push or a pull is called a(n) ____.

2.

____ states that objects continue the motion they already
have unless they are acted upon by a force.

2.

3.

____ states that every action creates a reaction that is equal
in strength and opposite in direction.

What quality of a bowling ball enables it to plow through a
set of pins without slowing down significantly?

3.

4.

The tendency to resist a change in motion is called ____.

What happens to the inertia of an object if its mass is
decreased?

4.

If the sum of all the forces on a ball is zero, what is the ball
doing?

Section 14.2

5.

The rate at which an object's velocity changes is called ____.

5.

6.

The relationship between the force on an object, the mass of
the object, and its acceleration is described by ____.

What does it mean to say that the “net force” determines an
object’s acceleration?

6.

What two quantities do you need to include when defining a
force?

7.

When an object is acted upon by only gravity, it is said to be
in ____.

8.

How the strength of the gravitational force depends on the
distance between two objects is described by Newton’s ____.

9.

The motion of one object around another caused by
gravitational force is called a(n) ____.

10. The acceleration of an object in free fall, 9.8 m/s2 on Earth,
is called “____”.

a.
b.
c.
d.
7.

Speed and direction
Strength and direction
Acceleration and time
Distance and direction

When a bug traveling west hits the windshield of a car that
is traveling east, what can be said about the collision?
a.
b.
c.
d.

The bug feels a stronger force than the car.
The car and the bug feel the same size force.
The car accelerates more than the bug.
The bug does not accelerate due to the force.
CHAPTER 14 FORCE AND MOTION
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8.

What is the reaction force to the force on a baseball from a
bat?

15. What does it mean when one quantity is "directly
proportional" to another quantity?

9.

A brick is sitting on a table. The force of gravity pushes
down on the brick. What prevents the brick from
accelerating downward and falling through the table?

16. Which of the following is the equivalent unit to a newton?
a.
b.
c.

Section 14.2

10. Which of the following is an acceleration?
a.
b.
c.

17. "g" is called:

m/s2

12
down
5 m/s up
8 N West

11. Describe three different ways
acceleration on a moving car.

a.
b.
c.
you

could

cause

an

12. Write an A if the object is accelerating. Write an X if the
object is not accelerating.
a.
b.
c.
d.
e.
f.

____ A car travels in circles at constant speed.
____ A ball rolls at a constant velocity.
____ A book sits motionless on a table.
____ A scooter skids to a stop.
____ A ball is thrown up in the air.
____ An apple falls to the ground.

13. If you are applying the brakes on your bicycle, are you
accelerating? Explain.
14. A net force of 30 N is applied to an object with a mass of 15
kg. The object accelerates at 2 m/s2. If half the force is
applied, what happens to the acceleration?
a.
b.
c.
d.
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it doubles
it stays the same
it quadruples
it halves
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m/s2
m/s
kg· m/s2
gravity.
free fall.
the acceleration due to gravity.

18. Explain why a satellite doesn't fall into Earth even though it
is being pulled toward Earth by gravity.
19. Name a unit for measuring:
a.
b.
c.

mass
weight·
force

20. Why are the units for mass and weight different?
21. According to the law of universal gravitation, what two
things do you need to know to determine the force of gravity
between two objects?
22. What forces are acting on an object in free fall?

Problems
Section 14.1

1.

What is the net force on
refrigerator shown to the right?

the
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2.

While an object is moving at 20 m/s, a 5 N force pushes the
object to the left. At the same time, a 5 N force is pushing
the object to the right. What will the object's velocity be after
10 seconds?

3.

Which has more inertia, a 1-kg ball or a 10-kg ball?

4.

A 3-kg hammer hits a 0.03-kg nail with a force of 1000 N.
With how much force does the nail hit the hammer?

5.

Identify at least three action-reaction pairs in the picture of
the firefigher below:

9.
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A car starts out with a velocity of 5 m/s and accelerates for 4
seconds, reaching a final velocity of 29 m/s.
a.
b.

What is the car's acceleration?
If the car started at 29 m/s and ended at 5 m/s after
4 seconds, what would its acceleration be? How is this
different from the answer above?

10. What is the acceleration of a truck with a mass of 2,000 kg
when its brakes apply a force of 10,000 N?
11. A 20 N force accelerates a baseball at 140 m/s2 (briefly!).
What is the mass of the baseball?
12. Gina is pushing a 10-kg box with 50 N of force toward the
east. Dani is pushing the same box at the same time with
100 N of force toward the west. Assuming there is no
friction, what is the acceleration and direction the box
moves?

6.

7.

A 3000-kg car collides with a 5000-kg truck.
The
acceleration of the car due to the force of the collision is
2 m/s2. What is the acceleration of the truck due to the force
of the collision?
Jane has a mass of 40 kg. She pushes on a 50-kg rock with a
force of 100 N. What force does the rock exert on Jane?

13. A cheetah can accelerate at 7 m/s2, and the average cheetah
has a mass of 40 kg. With what average force does the
cheetah push against the ground?
14. If you have a mass of 75 kg, what is your weight in newtons
on Earth?
15. When a ball is first dropped off a cliff in free fall, it has an
acceleration of 9.8 m/s2. What is its acceleration as it gets
closer to the ground? Assume no air friction.

Section 14.2

8.

If a skateboarder starts from rest and starts accelerating at
3 m/s2, how fast will she be traveling after 1 second? After
two seconds? How fast would she be traveling if she
continued accelerating for 15 seconds?
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