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Chapter 13

Forces
On May 27, 1931, a train called Empire Builder encountered the
amazing force of a tornado as it moved across Minnesota. The
tornado’s force was so great that as the train moved along the
track at 60 miles per hour, five of its 60-ton cars where lifted
from the rails! One car was lifted and thrown 80 feet away into a
ditch. Moving heavy railroad cars requires a tremendous
amount of force.
Forces are created and applied every time anything moves.
Forces such as weight are even present when things are not
moving. Your body uses forces every moment of your life from
the beating of your heart to walking up stairs. Understanding
how forces are created and described is fundamental to
understanding nature. Read this chapter to learn more about
how forces are created, measured, described, and used in daily
life.

1. What is a force?
2. How are forces measured?.
3. What is friction, and is friction ever useful?
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13.1 Forces
We first introduced the idea of force in Chapter 2. Since force is such an important
concept, this whole chapter is about forces, where they come from, how they are
measured, and how they are added and subtracted.

The cause of forces
What forces are A force is a push or pull, or any action that has the ability to change

motion. The key word here is action, force is an action. You need force
to start things moving and also to make any change to an object’s
motion once it is moving. Forces can be used to increase or decrease
the speed of an object, or to change the direction in which an object is
moving.

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

creates a force called weight that pulls on everything around you. On
a windy day, the movement of air can create forces. Each of these
actions can create force because they all can change an object’s
motion.

Figure 13.1: All forces in the

universe come from only four elementary
forces.

The four Fundamentally, forces come from the interaction between atoms and
elementary energy. Just as a few elements can make millions of kinds of matter,
forces all of the forces we know of in the universe come from four
elementary forces. The in Figure 13.1 summarizes the four
elementary forces. You met them before when we learned about the
atom and will meet them again when we learn about astronomy.
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CHAPTER 13: FORCES

Units of force
Pound

Pounds If you are mailing a package at the post office, how does the clerk

know how much to charge you? The package is placed on a scale and
you are charged based on the package’s weight. For example, the scale
shows that the package weighs 5 pounds. The pound is a unit of force
commonly used in the United States. When you measure weight in
pounds on a scale, you are measuring the force of gravity acting on the
object (Figure 2.3).

One pound (lb) is the force exerted by
gravity on a mass of 0.454 kg.
0.454 kg

The origin of the The pound measurement of force is based on the Roman unit libra,
pound which means “balance” and is the source for pound’s abbreviation, “lb.”

1 lb

Gravity

The word “pound” comes from the Latin word pondus, which means
“weight.” The definition of a pound has varied over time and from
country to country.

Newtons Although the pound is commonly used to express force, scientists

prefer to use the newton. The newton (N) is the metric unit of force.
The newton is defined by how much a force can change the motion of
an object. A force of one newton is the exact amount of force needed to
cause a mass of one kilogram to speed up by one m/sec each second
(Figure 13.2). We call the unit of force the newton because force in the
metric system is defined by Newton’s laws. The newton is a useful way
to measure force because it connects force directly to its effect on mass
and speed.

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

1 m/s

1 kg

1N

Time

2 m/s
1N

Converting The newton is a smaller unit of force than the pound. One pound of
newtons and force equals 4.48 newtons. How much would a 100-pound person
pounds weigh in newtons? Recall that 1 pound = 4.48 newtons. Therefore, a
100-pound person weighs 448 newtons.

1 kg

Figure 13.2: The definitions of the
newton and pound.
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Gravity and weight
Gravity’s force The force of gravity on an object is called weight. At Earth’s surface,
depends on mass gravity exerts a force of 9.8 N on every kilogram of mass. That means
a 1-kilogram mass has a weight of 9.8 N, a two-kilogram mass has a
weight of 19.6 N, and so on. On Earth’s surface, the weight of any
object is its mass multiplied by 9.8 N/kg. Because weight is a force, it
is measured in units of force such as newtons and pounds.

Weight and mass We all tend to use the terms weight and mass interchangeably.
are not the same However, in science weight and mass are not the same thing. In fact,
thing weight is caused by nearby mass. You have weight because the huge

mass of Earth is right next to you. It is easy to confuse mass and
weight because heavy objects (more weight) have lots of mass and
light objects (less weight) have little mass. Always remember the
difference when doing physics. Mass is a fundamental property of an
object measured in kilograms (kg). Weight is a force measured in
newtons (N) that depends on mass and gravity.

Mass and weight are not the same thing!
Weight is less on A 10-kilogram rock has a mass of 10 kilograms no matter where it is
the moon in the universe. A 10-kilogram rock’s weight however, can vary
greatly depending on where it is. On Earth, the rock weighs 98
newtons. But on the moon, where g = 1.6 N/kg, it only weighs 16
newtons (Figure 13.3)!
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Figure 13.3: A 10-kilogram rock

weighs 98 newtons on Earth but only
16 newtons on the moon.

Main Menu Table of Contents

Back

CHAPTER 13: FORCES

Calculating weight
The weight The weight equation (Figure 13.4) can be rearranged into three forms.
equation You can use it to calculate weight, mass, or the strength of gravity by
using the correct form of the equation. The three forms are
summarized below.
Use . . .
W=mg
m=W/g
g=W/m

Weight and
mass

. . . if you want to
find . . .

. . . and you know . . .

mass (m) and strength of gravity
(g)
weight (W) and strength of gravity
mass (m)
(g)
strength of gravity (g)
weight (W) and mass (m)
weight (W)

Figure 13.4: The weight equation.

Calculate the weight of a 60-kilogram person (in newtons) on Earth and on Mars (g = 3.7 m/sec2).
1. Looking for:
You are asked for a person’s weight on Earth and Mars.
2. Given:
You are given the person’s mass and the value of g on Mars.
3. Relationships:
W=mg
4. Solution:
For the person on Earth:
W=mg
W = (60 kg)(9.8 N/kg) = 588 newtons
For the person on Mars:
W=mg
W = (60 kg)(3.7 N/kg) = 222 newtons
Notice that while the masses are the same, the weight is much
less on Mars.

Your turn...
a. Calculate the mass of a car that weighs 19,600 newtons on Earth. Answer: 2000 kg
b. A 70-kg person travels to a planet where he weighs 1,750 N. What is the value of g on that planet? Answer: 25 N/kg

13.1 FORCES
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Friction
What is friction? Friction is a force that resists the motion of objects or surfaces.

Friction can act when an object is moving or when it is at rest. You
feel the effects of friction when you swim, ride in a car, walk, and
even when you sit in a chair. Many kinds of friction exist and
Figure 13.5 shows some common examples.

friction - a force that resists the
motion of objects or surfaces.

The cause of If you looked at a piece of wood, plastic,
friction or paper through a powerful

microscope, you would see tiny hills
and valleys on the surface. As surfaces
slide (or try to slide) across each other,
the hills and valleys grind against each
other and cause friction. Contact
between the surfaces can cause the
tiny bumps to change shape or wear
away. If you rub sandpaper on a piece of wood, friction affects the
wood’s surface and makes it either smoother (bumps wear away) or
rougher (they change shape).

Two surfaces are Friction depends on both of the surfaces in contact. The force of
involved friction on a rubber hockey puck is very small when it is sliding on

ice. But the same hockey puck sliding on a piece of sandpaper feels a
large friction force. When the hockey puck slides on ice, a thin layer of
water between the rubber and the ice allows the puck to slide easily.
Water and other liquids such as oil can greatly reduce the friction
between surfaces.

Figure 13.5: There are many types of
friction.
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Identifying friction forces
Direction of the Friction is a force, measured in newtons just like any other force. You
friction force draw the force of friction with a force vector. To figure out the

direction of friction, always remember that friction is a resistive force.
The force of friction acting on a surface always points opposite the
direction of motion of that surface. Imagine pushing a heavybox across
the floor (Figure 13.6). If you push to the right, the sliding friction acts
to the left on the surface of the box touching the floor. If you push the
box to the left, the force of sliding friction acts to the right. This is
what we mean by saying friction resists motion.

static friction - the friction force
that resists the motion between
two surfaces that are not moving.
sliding friction - the friction
force that resists the motion of an
object moving across a surface.

Static friction Static friction keeps an object at rest from moving. Imagine trying to

push a heavy box with a small force. The box stays at rest because the
static friction force acts against your force. If the box does not move,
the friction force is the same strength as your force, so the net force is
zero. As you increase the strength of your push, the static friction also
increases. Eventually your force becomes stronger than the maximum
static friction force and the box starts to move (Figure 13.6). The force
of static friction balances your force up to a limit. The limit of the
friction force depends on the types of surfaces and the weight of the
object you are pushing.

Sliding friction Sliding friction is a force that resists the motion of an object moving

across a surface. If you push a box across the floor toward the right,
sliding friction acts toward the left. If you stop pushing the box, sliding
friction keeps acting as long as the box is moving. Without your force
acting, sliding friction slows the box to a stop.

Comparing static How does sliding friction compare with static friction? If you have ever
and sliding tried to move a heavy sofa or refrigerator, you probably know the
friction answer. It is harder to get something moving than it is to keep it
moving. The reason is that static friction is greater than sliding
friction for almost all combinations of surfaces.

Figure 13.6: The direction of friction is
opposite the direction the box is pushed.
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A model for friction
Different The amount of friction that exists when a box is pushed across a
amounts of smooth floor is very different from when it is pushed across a carpet.
friction The friction between two surfaces depends on the types of materials,

degrees of roughness, how clean they are, and other factors. Even the
friction between two identical surfaces changes as the surfaces are
polished by sliding across each other. No one model or formula can
accurately describe the many processes that create friction. Even so,
some simple models are useful.

An example Suppose you use a spring scale pull a piece of paper across a table. It
is easy to pull the paper because the friction force is so small. The
paper slides smoothly, and the scale measures a very small force. Do
you believe the friction force between the paper and the table is a
value that cannot be changed? How might you test this question?

Friction and the Suppose you place a brick on the piece of paper (Figure 13.7). The
force between paper becomes much harder to slide. You must pull with a greater
surfaces force to keep the paper moving. The two surfaces in contact are still

the paper and the tabletop, so why does the brick have an effect? The
brick causes the paper to press harder into the table’s surface. The
tiny hills and valleys in the paper and in the tabletop are pressed
together with a much greater force, so the friction increases.

The greater the force squeezing two surfaces
together, the greater the friction force.
Friction is often The friction force between two smooth, hard surfaces is
proportional to approximately proportional to the perpindicular (normal) force the
weight surfaces exert on each other. The greater the force squeezing the two

surfaces together, the greater the friction force. Consider sliding a
heavy box across a floor. The force between the bottom of the box and
the floor is the weight of the box. Therefore, the force of friction is
proportional to the weight of the box. If the weight doubles, the force
of friction also doubles.
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when a brick is placed on the paper.
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Reducing the force of friction
All surfaces Any motion where surfaces move across each other or through air or
experience some water always causes some friction. Unless a force is constantly
friction applied, friction will slow all motion to a stop eventually. For example,
bicycles have low friction, but even the best bicycle slows down if you
coast on a level road. It is impossible to completely get rid of friction,
but it can be reduced.

Lubricants Putting a liquid such as oil between two sliding surfaces keeps them
reduce friction in from touching each other. The tiny hills and valleys don’t become
machines locked together, so the friction is less. The liquid also keeps them from

wearing away quickly. You add oil to a car’s engine so that the pistons
will slide back and forth with less friction. Even water can be used as
to reduce friction between objects if they are not too hot.

Ball bearings Ball bearings reduce friction on spinning objects (Figure 13.8). Ball

bearings change sliding motion into rolling motion, which has much
less friction. For example, a metal shaft rotating in a hole rubs and
generates a great amount of friction. Ball bearings that go between
the shaft and the inside surface of the hole allow it to spin more easily.
The shaft rolls on the bearings instead of rubbing against the walls of
the hole. Well-oiled bearings rotate easily and greatly reduce friction.

Figure 13.8: The friction between a
shaft (the long pole in the picture) and an
outer part of a machine produces a lot of heat.
Friction can be reduced by placing ball
bearings between the shaft and the outer part.

Magnetic Another method of decreasing friction is to separate the two surfaces
levitation with a cushion of air. A hovercraft floats on a cushion of air created by

a large fan. Magnetic forces can also be used to separate surfaces. A
magnetically levitated (or maglev) train uses magnets that run on
electricity to float on the track once the train is moving (Figure 13.9).
There is no contact between train and track, so there is far less friction
than with a standard train on tracks. The ride is smoother, so maglev
trains can move at very fast speeds. Maglev trains are not yet in wide
use because they are much more expensive to build than regular
trains. They may become much more popular in the future.

Figure 13.9: With a maglev train, there
is no contact between the moving train and
the rail — and thus little friction.
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Using friction
Friction is useful There are many times when friction is very useful. For example, the
for brakes and brakes on a bicycle create friction between two rubber brake pads and
tires the rim of the wheel. Friction between the brake pads and the rim
makes the bicycle slow down or stop. Friction is also needed to make
a bicycle go. Without friction, the bicycle’s tires would not grip the
road.

Weather Friction is also important to anyone driving a car. Rain and snow act
condition like a cushion that separates a car’s tires from the road. As a tire rolls
tires over a wet road, the rubber squeezes the water out of the way. This
causes there to be good contact between rubber and road surface. Tire
treads have grooves that allow space for water to be channeled away
where the tire touches the road (Figure 13.10). Special groove
patterns, along with tiny slits, have been used on snow tires to
increase traction in snow. These tires keep snow from getting packed
into the treads. Tires can also slightly change shape to grip the
uneven surface of a snow-covered road.

Figure 13.10: Grooved tire treads allow
space for water to be channeled away from
the road-tire contact point, allowing for more
friction in wet conditions.

Nails Friction is the force that keeps nails in place (Figure 13.11). The

material the nail is hammered into, such as wood, pushes against the
nail from all sides. Each hit of the hammer pushes the nail deeper
into the wood, increasing the length of the nail being compressed. The
strong compression force creates a large friction force and holds the
nail in place.

Cleated shoes
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Shoes are designed to increase the friction
between their soles and the ground. Many
types of athletes, including football and
soccer players, wear shoes with cleats that
increase friction. Cleats are like teeth on
the bottom of the shoe that dig into the
ground. Players wearing cleats can apply
much greater forces against the ground to
help them move and to keep from slipping.

Figure 13.11: Friction is what makes
nails hard to pull out and gives them the
strength to hold things together.
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13.1 Section Review
1. Name three situations in which force is created. Describe the cause
of the force in each situation.
2. Which of the following are units of force?
a. kilograms and pounds
b. newtons and pounds
c. kilograms and newtons
3. Which is greater: a force of 10 N or a force of 5 lbs.?
4. Does the mass of an object change if the object is moved to another
planet? Explain your answer.
5. What is the weight (in newtons) of a bowling ball which has a mass
of three kilograms?
6. If the strength of gravity is 9.8 newtons per kilogram, that means:
a. each newton of force equals 9.8 pounds.
b. each pound of force equals 9.8 newtons.
c. each newton of mass weighs 9.8 kilograms
d. each kilogram of mass weighs 9.8 newtons.
7. Name three devices or inventions which are designed to decrease
friction.
8. Name three devices or inventions which are designed to increase
friction.
9. If the force squeezing two surfaces together is decreased, the force
of friction between the two services will most likely
a. increase.
b. decrease.
c. stay about the same.
10. An astronaut in a space suit has a mass of 100 kilograms. What is
the weight of this astronaut on surface of the moon where the
strength of gravity is approximately 1/6 that of Earth.

Calculating mass from weight
What is the mass of an object with a
weight of 35 newtons? Assume the
object is at the Earth’s surface.
1. Looking for:

Mass

2. Given:

Weight = 35N

3. Relationships:

The weight
equation
W = mg

4. Solution:

m = W/g
= (35 N)/
(9.8 N/kg)
= 35.7 kg

Your turn...
a. Which is greater: a force of 100 N
or the weight of 50 kilograms at
Earth’s surface. Answer: The
weight of 50 kg is greater.
b. The mass of a potato is 0.5 kg.
Calculate its weight in newtons.
Answer: 4.9 N

13.1 FORCES
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13.2 Addition of Forces and Equilibrium
50 newtons would be a good description of the strength of a force. But what about the
direction? The direction of a force is also important. This is especially true when forces
are added together. Most real situations involve more than one force acting at a time, so
adding forces is necessary to understand what is going on. In this section you will learn
that force is a vector. A vector is a quantity that includes information about both size
(strength) and direction

vector - a quantity that includes
both a magnitude (size) and a
direction.
magnitude - describes the size
component of a vector.

Vectors
When a quantity Some things in science can be completely described by a quantity and
and a unit are a unit. Temperature is a good example of this. If you are sick and use
sufficient a thermometer to find out your temperature, it might show 101°F.
The “quantity” of your temperature is 101, and degrees Fahrenheit is
the unit of measurement. The value of 101°F is a complete
description of the temperature because you do not need any more
information.Length, time, and speed are also quantities that can be
completely described with a single number and a unit.

101º F
30 40 50
20

1

2

60
70

10

2:00 pm

35 mph

Vectors have Sometimes a single number does not include enough information to
direction describe a measurement. When giving someone directions to your

house, you must include both the distance and the direction. The
information “two kilometers north” is an example of a vector. A
vector is a quantity that includes both a magnitude and a direction.
Other examples of vectors are velocity, acceleration, and force.
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Figure 13.12: Vectors are useful in
giving directions.
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The force vector
What is a force A force vector has units of newtons, just like all forces. In addition, the
vector? force vector also includes enough information to tell the direction of
the force. You can describe a force vector’s direction in words, such as
5 newtons north or 2 newtons down. Or you can use an arrow to draw
the force vector in graph form.

Using positive Positive and negative numbers indicate opposite directions. For
and negative example, suppose a person pushes with a force of 10 newtons to the
numbers right (Figure 13.13). The force vector is + 10 N. A person pushing with

the same force to the left would create a force vector of - 10 N. The
negative sign indicates the -10 N force is in the opposite direction from
the + 10 N force. We usually choose positive values to represent forces
directed up, to the right, East or North.

Figure 13.13: Positive and negative
numbers are used to indicate the
direction of force vectors.

Drawing a force It is sometimes helpful to show the strength and direction of a force
vector vector as an arrow on a graph. The length of the arrow represents the
strength of the force. The arrow points in the direction of the force.
The x- and y-axes show the strength of the force in the x and y
directions.

Scale When drawing a force vector, you must choose a scale. For example, if
you are drawing a vector showing a force of 5 N pointing straight up
(y-direction) you might use a scale of 1 cm = 1 N. You would draw the
arrow five centimeters long pointing along the y-direction on your
paper (Figure 13.14). A 5 N horizontal force would be drawn starting
with a 5 cm line, as shown below..

Figure 13.14: You must use a scale
when drawing a vector.
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Adding force vectors, the net force
An example To figure out if or how an object will move, you must look at all of the
forces acting on it. The sum of all the forces on an object is called the
net force.The word net means total but also means the direction of
the forces has been taken into account. Consider an airplane in flight
(Figure 13.15). Four forces act on the plane: weight, drag (air
friction), the thrust of the engines, and the lift force caused by the
flow of air over the wings. For a plane to fly at a constant speed in a
level path, the forces must all balance. When the forces are
balanced, the net force is zero.

net force - the sum of two or
more forces on an object.

balanced forces - result in a
zero net force on an object.

When net force A pilot must always be aware of these four forces and know how to
isn’t zero change the net force on the plane to speed up, slow down, lift off, and

land. For example, to speed up there must be a net force in the
forward direction. The thrust must be greater than the drag. To
climb, there must be an upward net force. This happens when the lift
force is greater than the plane’s weight.

Figure 13.15: Four forces act on a
plane as it flies.

Adding x-y To calculate the net force on an object, you must add the forces in
components each direction separately. Remember to define positive and negative

directions for both the x-direction and y-direction. In the diagram
above, +x is to the right and +y is up. The net force in the x-direction
is zero because the +20,000 N and -20,000 N sum to zero. The net
force in the y-direction is +5,000 N (+55,000 N - 50,000 N). The plane
climbs because there is a positive (upward) net force.
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Equilibrium and normal forces
Definition of When the net force on an object is zero, we say the object is in
equilibrium equilibrium. An object at rest and in equilibrium will stay at rest.

This also means that when an object is at rest, you know the net force
on it must be zero.

Normal force Imagine a book sitting on a table (Figure 13.16). Gravity pulls the

book downward with a force equal to the book’s weight. The book is at
rest, so the net force must be zero. But what force balances the
weight? The table exerts an upward force on the book called the
normal force. The word normal here has a different meaning from
what you might expect. In mathematics, normal means perpendicular.
The force the table exerts is perpendicular to the table’s surface. The
normal force is also sometimes called the support force.

equilibrium - state in which the
net force on an object is zero.

normal force - the force a
surface exerts on an object that is
pressing on it.

When normal A normal force is created whenever an object is in contact with a
force is created surface. The normal force has equal strength to the force pressing the

object into the surface, which is often the object’s weight. The normal
force has opposite direction to the force pressing the object into the
surface. For example, the weight of a book presses down on the table
surface. The normal force is equal in strength to the book’s weight but
acts upward on the book, in the opposite direction from the weight.

Figure 13.16: The normal force and the
weight are equal in strength and opposite in
direction.

Strength of the What happens to the normal force if you put a brick on top of the book?
normal force The brick makes the book press harder into the table. The book does
not move, so the normal force must be the same strength as the total
weight of the book and brick (Figure 13.17). The normal force
increases to keep the book in balance.

How the normal How does a table “know” how much normal force to supply? The
force is created answer is that normal force is very similar to the force exerted by a

spring. When a book sits on a table, it squeezes the atoms in the table
together by a tiny amount. The atoms resist this squeezing and try to
return the table to its natural thickness. The matter in the table acts
like a bunch of very stiff springs. The amount of compression is so
small you cannot see it, but it can be measured with instruments.

Figure 13.17: The normal force is

greater if a brick is placed on the book
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The free-body diagram
Forces on a How do you keep track of many forces with different directions? The
free-body answer is to draw a free-body diagram. A free-body diagram
diagram contains only a single object, like a book or a table. All connections or
supports are taken away and replaced by the forces they exert on the
object. An accurate free-body diagram includes every force acting on
an object, including weight, friction and normal forces.

free-body diagram - a diagram
showing all the forces acting on an
object.

An example As an example of a free-body diagram, consider a 30-newton book

resting on a table that weighs 200 newtons. The book is on one corner
of the table so that its entire weight is supported by one leg.
Figure 13.18 shows a free-body diagram of the forces acting on the
table.

Finding the Because the table is in equilibrium, the net force on it must be zero.
forces The weight of the book acts on the table. The weight of the table acts
on the floor. At every point where the table touches the floor (each
leg) a normal force is created. The correct free-body diagram shows
six forces. The normal force at each of three legs is one-quarter the
weight of the table (50 newtons). The leg beneath the book also
supports the weight of the book (80 N = 50 N + 30 N).

The purpose of a By separating an object from its physical connections, a free-body
free-body diagram helps you identify all forces and where they act. A normal
diagram force is usually present at any point an object is in contact with

another object or surface. Forces due to weight may be assumed to act
directly on an object, often at its center.

Positive and There are two ways to handle positive and negative directions in a
negative forces free-body diagram. One way is to make all upward forces positive and
all downward forces negative. The second way is to draw all the
forces in the direction you believe they act on the object. When you
solve the problem, if you have chosen correctly, all the values for each
force are positive. If one comes out negative, it means the force points
in the opposite direction from what you guessed.
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Figure 13.18: A free body diagram

showing the forces acting on a table that
has a book resting on one corner.
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Forces from springs and ropes
Types of forces Examples of the forces you might draw in a free-body diagram are

shown in Figure 13.19. You are already familiar with weight, normal
force, friction, and contact forces. You learned about electrical and
magnetic forces in Chapter 6. Other forces you might encounter are
forces from springs or ropes. These forces have special properties.

Tension forces

The force from
springs

Tension is a force that acts in
a rope, string, or other object
that is pulled. Tension always
acts along the direction of the
rope. A rope in tension exerts
equal forces on whatever is
connected to either end. For
example, the two people in
the diagram above are each
pulling on the rope with a
force of 100 newtons. The
tension in the rope is 100 newtons. Ropes or strings do not carry
pushing forces. This is obvious if you have ever tried pushing a rope.
The most common type of spring is
a coil of metal or plastic that
creates a force when you stretch it
or compress it. The force created
by stretching or compressing a
spring always acts to return the
spring to its natural length. When
you stretch a spring, it pulls back
on your hand as the spring tries to
return to its original length. When
you apply a compression force to
a spring and make it shorter, it
pushes on your hand as it tries to
return to its original length.

tension - a pulling force that acts
in a rope, string, or other object.

compression - a squeezing
force that can act on a spring.

Contact
Force

Friction
Normal force

Weight

Figure 13.19: Some examples of

forces that can be included in a freebody diagram.
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Solving equilibrium problems
4N

Finding the net For an object to be in equilibrium, all the forces acting on the object
force must add to zero (Figure 13.20). The net force in each direction must
be zero. That means the total force in the horizontal (x) direction
must be zero and total force in the vertical (y) direction also must be
zero. You cannot mix forces in the horizontal direction with forces in
the vertical direction.

Balancing forces If you are trying to find an unknown force on an object in equilibrium,

the first step is always to draw a free-body diagram. Then use the fact
that the net force is zero to find the unknown force. To be in
equilibrium, forces must balance both horizontally and vertically.
Forces to the right must balance forces to the left, and upward forces
must balance downward forces.

20 N

6N

20 N

10 N

Figure 13.20: An object is in

equilibrium if the vertical forces balance
and the horizontal forces balance.

Two chains are used to support a small boat weighing 1500 newtons. One chain has a tension of 600 newtons. What is the force
exerted by the other chain?

Equilibrium

1. Looking for:

You are asked for an unknown tension in a chain.

2. Given:

You are given the boat’s weight in newtons and the
tension in one chain in newtons.

3. Relationships:

The net force on the boat is zero.

4. Solution:

Draw a free-body diagram.
The force of the two chains must balance the boat’s weight.
Fchain2 = 900 N
600 N + Fchain2 = 1500 N

Your turn...
a. A heavy box weighing 1000 newtons sits on the floor. You press down on the box with a force of 450 newtons. What is the
normal force on the box? Answer: 1450 newtons
b. A 40-newton cat stands on a chair. If the normal force on each of the cat’s back feet is 12 newtons, what is the normal force
on each front foot? (You can assume it is the same on each.) Answer: 8 newtons
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13.2 Section Review
1. A vector is an example of a physical quantity that
a. includes information about force and mass.
b. includes information about temperature.
c. includes information about quantity and direction.
d. includes information about forces only.
2. The loudness of sound can be measured in decibels. Do you think
loudness is a vector or not? Explain why or why not.
3. The diagram in shows three forces acting on a pencil. What is the
net force acting on the pencil?
4. If an object is an equilibrium, that means
a. the net force on the object is zero.
b. the object has zero total mass.
c. no forces are acting on the object.
d. only normal forces are acting on the object.
5. A train is climbing a gradual hill. The weight of the train creates a
downhill force of 150,000 newtons. Friction creates an additional
force of 25,000 newtons acting in the same direction (downhill).
How much force does the train’s engine need to produce so the
train is in equilibrium.
6. Draw a free body diagram of your own body sitting on a chair.
Include all forces acting on your body.
7. If a force has a negative value, such as - 100 N, that means the
force
a. is less than 100 N in strength.
b. acts in the opposite direction from a + 100 N force.
c. is a normal force.
8. A child weighing 150 newtons is sitting in a swing. The swing is
supported by two ropes, one on each side. What is the tension in
one of the ropes?

Figure 13.1: The pencil and forces
for question three.

Figure 13.2: The train and forces for
question five.
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Defy Gravity? It Can Be Done

Chapter 13 Connection

How can something that weighs almost a million pounds
overcome the force of gravity and stay off the ground for
hours? It almost sounds impossible. Yet it happens
thousands of times every day, as large airplanes like the
Boeing 747 fly all over the world.
When you see a 747 parked at an airport gate, the plane
looks as big as a building. How does this enormous object
manage to fly? Simple physics—really!
Newton’s first law of motion states that an object will remain
at rest unless external forces affect it. A 747 jet plane parked
on the ground will not move until external forces make it
move. For that plane to not only move but fly, four basic
forces are at work: weight, lift, thrust, and drag.

Lift is a force that goes in the opposite direction of weight.
The magnitude of lift depends mainly on the size and shape
of an airplane’s wing.
When an airplane has the two opposite forces of lift and
weight affecting it, the cumulative effect will determine the
motion of the airplane. If lift is
much weaker than weight, the
airplane will remain on the
ground. But when the force of
lift is stronger than the force of
an airplane’s weight, it will
leave the ground and fly.
Controls allow the pilot to keep
the airplane at a constant
altitude once it is airborne. The
forces of lift and weight are
balanced, and the motion of the
airplane does not change along
its perpendicular axis.

Thrust and drag

Weight and lift
Weight is a force caused by gravity. The gravitational pull of
Earth causes objects to have weight and generate force. All
forces have magnitude (size) and direction. The magnitude of
weight varies from object to object, depending on mass. A
suitcase has less magnitude than an airplane. The direction
of weight in an airplane is down, toward Earth’s center.
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Thrust is the force that moves an airplane forward. This is
the heavy work. On the ground, airplanes move on wheels,
which reduce the force of friction from the ground. But to get
that 747 rolling, then airborne, then to keep it flying - this
requires a lot of thrust. And it is provided by the jet’s
engines.
The direction of thrust is forward. It moves horizontally to
the airplane. The magnitude of thrust depends on the
number of engines and their power. Imagine the power
required to get a 747 moving from a standing start to the
takeoff speed of 180 miles per hour. (It’s quite a moving - and
thrilling - experience, that’s for sure.)
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LIFT

Once the airplane is airborne, controls allow the pilot to keep
the airplane at a constant speed. At this point the forces of
thrust and drag will remain balanced until the wind speed
changes or the pilot reduces power.

Low-pre
ssure
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-p

ressure area

In order to produce enough airflow over and under the wing
to maintain lift, a tremendous amount of thrust is needed.
That thrust must be powerful enough to overcome the force
of drag. When lift has overcome the weight of the airplane,
and thrust has overcome drag, the forces on the plane reach
a new balance. An airplane can cruise for as long as its fuel
lasts or until thrust is reduced in preparation for landing.

Questions:
THRUST

WEIGHT

DRAG

Airflow

Combining forces
A 747 has a lot of mass and requires an enormous amount of
thrust to get it in motion. But how does all that relate to the
airplane becoming airborne?

1. Describe the force of weight and how it affects an airplane in
flight.
2. Describe the force of lift and how it affects an airplane in
flight.
3. Describe the force of thrust and how it affects an airplane in
flight.
4. Describe the force of drag and how it affects an airplane in
flight.

Chapter 13 Connection

When an airplane is airborne, air resistance causes drag.
The more air resistance, the greater the magnitude of the
drag. When you ride your bike, you feel the force of the wind
in your face even on a calm day. This is air resistance, or
drag. If you ride into a strong wind, or pedal faster, the
magnitude of the drag increases. The same is true of the
drag on an airplane flying into a heavy wind.

LIFT

Drag is a force that goes in the opposite direction of thrust.
Drag is horizontal to the airplane, just as thrust is. But the
direction of drag is toward the back of the airplane. The
magnitude of drag depends mainly on the shape of the
airplane and its wing, and the plane’s velocity.
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The answer lies in the motion of air on the wing. Airplane
wings are shaped to deflect airflow over the top. The air
pattern is different on top of the wing from the pattern on
the bottom, and so is the air pressure. There is greater air
pressure underneath the wing than on top of it, and this,
quite logically, produces lift.
UNIT 5 MOTION AND FORCE
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Kilograms to Newtons: Make Your Own Measurements!
The unit for measuring force called the newton is named
after Sir Isaac Newton. Newton came up with the idea of
gravity as he tried to find an explanation for the orbits of the
planets around the Sun and the moon around Earth. He
realized that planets could only be held in their orbits if a
force of attraction existed between the planets and the Sun.
He called this force gravity. The force of gravity is also called
an object’s weight. In the activity below you will explore the
concept of a newton.

Materials:
50, 100, 200, and 500-gram masses
30 x 1/2 inch steel washers
Spring scale(s) calibrated in
newtons for measuring above
objects

What you will do
1. Copy the data table. Convert
each mass in grams to
kilograms. There are 1000
grams in a kilogram, so you
must divide by 1000.
2. Check to see that your scale is
calibrated to read zero when
nothing hangs from it.
3. Hang the 50-gram mass on the
scale and measure the force of
gravity (weight) in newtons.
Record your value in the table.
4. Repeat with the 100, 200, and
500-gram masses.

284

5. Measure the weight of 10 washers, 20 washers, and 30
washers. Use what you learned during this activity to
calculate the mass of these groups of washers.
Object

Mass
(kilograms)

Force of gravity
(newtons)

50-gram mass
100-gram mass
200-gram mass
500-gram mass
10 washers
20 washers
30 washers

Applying your knowledge
a. If you know the mass of an object in kilograms, how can
you calculate its weight in newtons on Earth?
b. If you know the weight of an object in newtons on Earth,
how can you calculate its mass in kilograms?
c. The three blocks are the same size, but do they have the
same weight? Why?
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Vocabulary
Select the correct term to complete the sentences.
vector

static friction

net force

weight

normal force

sliding friction

friction

tension

free-body diagram

equilibrium

newtons

mass

Section 13.1

1.

____ is the force that resists the motion of objects or
surfaces.

2.

When a box is being pushed across a floor, ____ acts between
the box and the floor.

3.

If you stand still on the side of a hill, ____ keeps you from
sliding down the hill.

12. An object is in ____ when all of the forces on the object
balance and there is no net force on the object.

Concepts
Section 13.1

1.

Which has more mass, a 10 N object on the moon, or a 10 N
object on Earth?

2.

Explain why ice generally has very little friction when it is
in contact with other materials.

3.

When you put your groceries on a conveyer belt at the
supermarket, friction plays a part in how the objects move
down the belt. Describe how the friction acts on your food,
and why this is the case.

4.

Describe the difference between sliding friction and static
friction.

5.

Explain how friction keeps a nail in place in a block of wood.
If you try to pull out the nail, which way does the friction
act?

Section 13.2

4.

The ____ is the combination of all the forces acting on an
object.

5.

A(n) ____ has both an amount and a direction.

6.

The ____ of an object changes due to the gravitational force
acting on it.

7.

In the metric system, all forces are measured in ____.

8.

An object will have the same ____ if it is on Earth, the moon,
or any other planet.

9.

When a rope is being pulled from both ends, the force acting
through it is called ____.

10. The ____ acts perpendicular to the surface of a book resting
on a table, and balances the weight of the book.
11. A ____ is a drawing that shows all the forces affecting an
object.
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Section 13.2

6.

For each of the following, tell whether it is a vector.
a.
b.
c.
d.
e.
f.

7.

20 N west
42°C
3:15 pm
5 km down
20 m/s
30 m/s to the right

Draw the following vectors on a piece of paper and show the
scale you use:
a.
b.
c.

20 m/s west
3 miles north
4 N southeast
CHAPTER 13 FORCES
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9.

What four main forces act on an airplane in flight? If the
plane accelerates forward, which two forces must be out of
balance? To fly on a level path, which two forces must be in
balance?
Describe the motion of the race car
shown in the figure to the right. Is it
speeding up or slowing down?

10. Which of the following diagrams correctly shows the normal
force on the block of wood sliding down the incline?

11. Draw a free-body diagram for the
forces acting on the parachutist
shown below. Don't forget about air
friction!

Problems
Section 13.1

1.

How much does a 40-kg student weigh on Earth, in
newtons?

2.

How much mass does a 50000-N truck have?

3.

An empty 100-kg refrigerator is pushed across a floor, and a
student measures a frictional force of 200 N. When the
refrigerator is filled with 25 kg of food, how much friction
will be present when the now filled refrigerator is pushed
across the floor?

Section 13.2

4.

How would you label the vector below? (each space = 1N)

5.

A 4-kg book rests on a table. What is the weight of the book?
What is the normal force on the book and in which direction
does it act?

6.

Two friends decide to build their strength by having a tug of
war each day. They each pull with a force of 200 N.
a.
b.

c.
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How much tension is on the rope?
One day, one of the friends is sick and cannot work out.
The other friend decides to build strength by tying a
rope around a tree and pulling on the rope. How much
must the single friend pull in order to get the same
workout as he normally does? What is the tension in the
rope in this case? Explain.
In both cases above, what is the net force on the rope if
neither person is moving, and the tree stays put?

