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Combining Forces
Force is a vector quantity. We saw in ◀◀  SECTION 3.1 how to find the vector sum of two 
vectors. FIGURE 4.4a shows a top view of a box being pulled by two ropes, each exert-
ing a force on the box. How will the box respond? Experiments show that when sev-
eral forces F

u

1, F
u

2, F
u

3,c are exerted on an object, they combine to form a net force 
that is the vector sum of all the forces:

 F
u

net = F
u

1 + F
u

2 + F
u

3 + g (4.1)

That is, the single force F
u

net causes the exact same motion of the object as this combi-
nation of original forces F

u

1, F
u

2, F
u

3,c. FIGURE 4.4b shows the net force on the box.

 NOTE  ▶ It is important to realize that the net force F
u

net is not a new force acting 
in addition to the original forces F

u

1, F
u

2, F
u

3,c. Instead, we should think of the 
original forces being replaced by F

u

net. ◀

Top view
of box

Two ropes exerting
tension forces on a box

(a)

F2

Fnet  =  F1  +  F2

F1
u

u

u u u

Pulling forces
of the ropes

Box

(b)

The net force is the vector 
sum of all the forces acting 
on the box.

FIGURE 4.4 Two forces applied to a box.

STOP TO THINK 4.1 Two of the three forces exerted on an object are shown. The 
net force points directly to the left. Which is the missing third force?

F3
u

F3
u

F3
u

F3
u

F2
uF1

u

Two of the
three forces
exerted on
an object

A. B. D.C.

4.2 A Short Catalog of Forces
There are many forces we will deal with over and over. This section will introduce 
you to some of them and to the symbols we use to represent them.

Weight
A falling rock is pulled toward the earth by the long-range force of gravity. Gravity 
is what keeps you in your chair, keeps the planets in their orbits around the sun, and 
shapes the large-scale structure of the universe. We’ll have a thorough look at grav-
ity in Chapter 6. For now we’ll concentrate on objects on or near the surface of the 
earth (or other planet).

The gravitational pull of the earth on an object on or near the surface of the earth 
is called weight. The symbol for weight is wu . Weight is the only long-range force 
we will encounter in the next few chapters. The agent for the weight force is the 
entire earth pulling on an object. The weight force is in some ways the simplest force 
we’ll study. As FIGURE 4.5 shows, an object’s weight vector always points vertically 
downward, no matter how the object is moving.

 NOTE  ▶ We often refer to “the weight” of an object. This is an informal expres-
sion for w, the magnitude of the weight force exerted on the object. Note that 
weight is not the same thing as mass. We will briefly examine mass later 
in the chapter, and we’ll explore the connection between weight and mass in 
Chapter 5. ◀

wu

wu wu

wu wu

Free fall,
moving
down

Free fall,
moving
up

Projectile motion

Rolling At rest

FIGURE 4.5 Weight always points vertically 
downward.
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Spring Force
Springs exert one of the most basic contact forces. A spring can either push (when com-
pressed) or pull (when stretched). FIGURE 4.6 shows the spring force. In both cases, push-
ing and pulling, the tail of the force vector is placed on the particle in the force diagram. 
There is no special symbol for a spring force, so we simply use a subscript label: F

u

sp.

When the flexible blade of this athlete’s 
prosthesis hits the ground, it compresses 
just like an ordinary spring.

Fsp
u

(a) A compressed spring exerts
a pushing force on an object.

Box   
u

(b) A stretched spring exerts
a pulling force on an object.

Fsp Box

FIGURE 4.6 The spring force is parallel to the spring.

Although you may think of a spring as a metal coil that can be stretched or com-
pressed, this is only one type of spring. Hold a ruler, or any other thin piece of wood 
or metal, by the ends and bend it slightly. It flexes. When you let go, it “springs” 
back to its original shape. This is just as much a spring as is a metal coil.

Tension Force
When a string or rope or wire pulls on an object, it exerts a contact force that we call 
the tension force, represented by T

u
. The direction of the tension force is always in 

the direction of the string or rope, as you can see in FIGURE 4.7. When we speak of 
“the tension” in a string, this is an informal expression for T, the size or magnitude 
of the tension force. Note that the tension force can only pull in the direction of the 
string; if you try to push with a string, it will go slack and be unable to exert a force.

We can think about the tension force using a microscopic picture. If you were to 
use a very powerful microscope to look inside a rope, you would “see” that it is 
made of atoms joined together by molecular bonds. Molecular bonds are not rigid 
connections between the atoms. They are more accurately thought of as tiny springs 
holding the atoms together, as in FIGURE 4.8. Pulling on the ends of a string or rope 
stretches the spring-like molecular bonds ever so slightly. The tension within a rope 
and the tension force experienced by an object at the end of the rope are really the 
net spring force exerted by billions and billions of microscopic springs.

This atomic-level view of tension introduces a new idea: a microscopic atomic 
model for understanding the behavior and properties of macroscopic (i.e., contain-
ing many atoms) objects. We will frequently use atomic models to obtain a deeper 
understanding of our observations.

The atomic model of tension also helps to explain one of the basic properties of 
ropes and strings. When you pull on a rope tied to a heavy box, the rope in turn 
exerts a tension force on the box. If you pull harder, the tension force on the box 
becomes greater. How does the box “know” that you are pulling harder on the other 
end of the rope? According to our atomic model, when you pull harder on the rope, 
its microscopic springs stretch a bit more, increasing the spring force they exert on 
each other—and on the box they’re attached to.

Normal Force
If you sit on a bed, the springs in the mattress compress and, as a consequence of the 
compression, exert an upward force on you. Stiffer springs would show less com-
pression but would still exert an upward force. The compression of extremely stiff 
springs might be measurable only by sensitive instruments. Nonetheless, the springs 
would compress ever so slightly and exert an upward spring force on you.

T
u

The rope exerts a tension
force on the sled.

Sled

FIGURE 4.7 Tension is parallel to the rope.

Molecular
bonds

Atoms

FIGURE 4.8 An atomic model of tension.
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 ■ Static friction, denoted f
u

s, is the force that keeps an object “stuck” on a surface 
and prevents its motion relative to the surface. Finding the direction of f

u

s is a little 
trickier than finding the direction of f

u

k. Static friction points opposite the direction 
in which the object would move if there were no friction; that is, it points in the 
direction necessary to prevent motion.

Examples of kinetic and static friction are shown in FIGURE 4.12.

Drag
Friction at a surface is one example of a resistive force, a force that opposes or resists 
motion. Resistive forces are also experienced by objects moving through fluids—
gases (like air) and liquids (like water). This kind of resistive force—the force of a 
fluid on a moving object—is called drag and is symbolized as D

u
. Like kinetic friction, 

drag points opposite the direction of motion. FIGURE 4.13 shows an example of drag.
Drag can be a large force for objects moving at high speeds or in dense fluids. 

Hold your arm out the window as you ride in a car and feel how hard the air pushes 
against your arm. Note also how the air resistance against your arm increases rapidly 
as the car’s speed increases. For a small particle moving in water, such as a swim-
ming Paramecium, drag can be the dominant force.

On the other hand, for objects that are heavy and compact, moving in air, and 
with a speed that is not too great, the drag force of air resistance is fairly small. To 
keep things as simple as possible, you can neglect air resistance in all problems 
unless a problem explicitly asks you to include it. The error introduced into calcu-
lations by this approximation is generally pretty small.

Thrust
A jet airplane obviously has a force that propels it forward; likewise for the rocket in 
FIGURE 4.14. This force, called thrust, occurs when a jet or rocket engine expels gas 
molecules at high speed. Thrust is a contact force, with the exhaust gas being the 
agent that pushes on the engine. The process by which thrust is generated is rather 
subtle and requires an appreciation of Newton’s third law, introduced later in this 

D
u

Air resistance is a significant force
on falling leaves. It points opposite
the direction of motion.

vu Leaf

FIGURE 4.13 Air resistance is an example 
of drag.

u

Thrust force is exerted
on a rocket by exhaust
gases.

Fthrust

vexhaust
u

FIGURE 4.14 The thrust force on a rocket 
is opposite the direction of the expelled 
gases.

KEY CONCEPT FIGURE 4.12 Kinetic and static friction are parallel to the surface.

u

vu

cbecause a static friction
force directed to the right
opposes this motion.

The woman is pulling to the left,
but the crate doesn’t move c

The sled is moving to the right
but it is slowing down c

fk Sled
u
fsCrate

cbecause a kinetic friction
force directed to the left
opposes this motion.

STOP TO THINK 4.2 A frog is resting on a slope. Given what you learned in  
Figure 4.12, what can you say about the friction force acting on the frog?

A. There is no friction force.
B. There is a kinetic friction force directed up the slope.
C. There is a static friction force directed up the slope.
D. There is a kinetic friction force directed down the slope.
E. There is a static friction force directed down the slope.
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FIGURE 4.9 shows a book resting on top of a sturdy table. The table may not visibly 
flex or sag, but—just as you do to the bed—the book compresses the molecular 
“springs” in the table. The compression is very small, but it is not zero. As a conse-
quence, the compressed molecular springs push upward on the book. We say that 
“the table” exerts the upward force, but it is important to understand that the pushing 
is really done by molecular springs. Similarly, an object resting on the ground com-
presses the molecular springs holding the ground together and, as a consequence, 
the ground pushes up on the object.

We can extend this idea. Suppose you place your hand on a wall and lean against 
it, as shown in FIGURE 4.10. Does the wall exert a force on your hand? As you lean, 
you compress the molecular springs in the wall and, as a consequence, they push 
outward against your hand. So the answer is Yes, the wall does exert a force on you. 
It’s not hard to see this if you examine your hand as you lean: You can see that your 
hand is slightly deformed, and becomes more so the harder you lean. This deforma-
tion is direct evidence of the force that the wall exerts on your hand. Consider also 
what would happen if the wall suddenly vanished. Without the wall there to push 
against you, you would topple forward.

The force the table surface exerts is vertical, while the force the wall exerts is hori-
zontal. In all cases, the force exerted on an object that is pressing against a surface is in 
a direction perpendicular to the surface. Mathematicians refer to a line that is perpen-
dicular to a surface as being normal to the surface. In keeping with this terminology, 
we define the normal force as the force exerted by a surface (the agent) against an 
object that is pressing against the surface. The symbol for the normal force is nu.

We’re not using the word “normal” to imply that the force is an “ordinary” force 
or to distinguish it from an “abnormal force.” A surface exerts a force perpendicular 
(i.e., normal) to itself as the molecular springs press outward. FIGURE 4.11 shows an 
object on an inclined surface, a common situation. Notice how the normal force nu is 
perpendicular to the surface.

The normal force is a very real force arising from the very real compression of 
molecular bonds. It is in essence just a spring force, but one exerted by a vast 
number of microscopic springs acting at once. The normal force is responsible for 
the “solidness” of solids. It is what prevents you from passing right through the 
chair you are sitting in and what causes the pain and the lump if you bang your 
head into a door. Your head can then tell you that the force exerted on it by the 
door was very real!

Friction
You’ve certainly observed that a rolling or sliding object, if not pushed or pro-
pelled, slows down and eventually stops. You’ve probably discovered that you can 
slide better across a sheet of ice than across asphalt. And you also know that most 
objects stay in place on a table without sliding off even if the table is tilted a bit. 
The force responsible for these sorts of behavior is friction. The symbol for fric-
tion is f

u
.

Friction, like the normal force, is exerted by a surface. Unlike the normal force, 
however, the frictional force is always parallel to the surface, not perpendicular to 
it. (In many cases, a surface will exert both a normal and a frictional force.) On a 
microscopic level, friction arises as atoms from the object and atoms on the surface 
run into each other. The rougher the surface is, the more these atoms are forced into 
close proximity and, as a result, the larger the friction force. We will develop a sim-
ple model of friction in the next chapter that will be sufficient for our needs. For 
now, it is useful to distinguish between two kinds of friction:

 ■ Kinetic friction, denoted f
u

k, acts as an object slides across a surface. Kinetic friction 
is a force that always “opposes the motion,” meaning that the friction force f

u

k on a 
sliding object points in the direction opposite to the direction of the object’s motion.

The compressed
molecular springs push
upward on the object.

Molecular bonds

Atoms

Object (not to scale!)

FIGURE 4.9 An atomic model of the force 
exerted by a table.

The compressed
molecular springs
in the wall press
outward against
her hand.

FIGURE 4.10 The wall pushes outward 
against your hand.

nu

Skier

The surface pushes outward
against the bottom of the skis.
The force is perpendicular to
the surface.

FIGURE 4.11 The normal force is perpen-
dicular to the surface.

A video to support a section’s topic  
is embedded in the eText.

Video Figure 4.9

Video  What the Physics? Pushing Down to 
Move Upward
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But there’s clearly a limit to how big f
u

s can get. If the woman pushes hard 
enough, the box will slip and start to move across the floor. In other words, the static 
friction force has a maximum possible magnitude fs max, as illustrated in FIGURE 5.14c. 
Experiments with friction show that fs max is proportional to the magnitude of the 
normal force between the surface and the object; that is,

 fs max = msn (5.7)

where ms is called the coefficient of static friction. The coefficient is a number that 
depends on the materials from which the object and the surface are made. The higher 
the coefficient of static friction, the greater the “stickiness” between the object and 
the surface, and the harder it is to make the object slip. TABLE 5.2 lists some approxi-
mate values of coefficients of friction.

 NOTE  ▶ Equation 5.7 does not say fs = msn. The value of fs depends on the force 
or forces that static friction has to balance to keep the object from moving. It can 
have any value from zero up to, but not exceeding, msn. ◀

So our rules for static friction are:

 ■ The direction of static friction is such as to oppose motion.
 ■ The magnitude fs of static friction adjusts itself so that the net force is zero and 

the object doesn’t move.
 ■ The magnitude of static friction cannot exceed the maximum value fs max given by 

Equation 5.7. If the friction force needed to keep the object stationary is greater 
than fs max, the object slips and starts to move.

Kinetic Friction
Once the box starts to slide, as in FIGURE 5.15, the static friction force is replaced by a 
kinetic (or sliding) friction force f

u

k. Kinetic friction is in some ways simpler than 
static friction: The direction of f

u

k is always opposite to the direction in which an 
object slides across the surface, and experiments show that kinetic friction, unlike 
static friction, has a nearly constant magnitude, given by

 fk = mkn (5.8)

where mk is called the coefficient of kinetic friction. Equation 5.8 also shows that 
kinetic friction, like static friction, is proportional to the magnitude of the normal 
force n. Notice that the magnitude of the kinetic friction force does not depend 
on how fast the object is sliding.

u
fs

u
Fpush

fs balances Fpush and
the box does not move.

(a) Pushing gently: friction pushes back gently.

u u

(b) Pushing harder: friction pushes back harder.
u
fs

u
Fpush

fs grows as Fpush increases, but the two still
cancel and the box remains at rest.

u u

(c) Pushing harder still: fs is now pushing 
back as hard as it can.

u

fs max

u
fs

u
Fpush

Now the magnitude of fs has reached
its maximum value fs max. If Fpush gets
any bigger, the forces will not cancel
and the box will start to accelerate.

u

FIGURE 5.14 Static friction acts in 
response to an applied force.

TABLE 5.2 Coefficients of friction

 
Materials

Static  
Ms

Kinetic  
Mk

Rolling  
Mr

Rubber on  
 concrete

1.00 0.80    0.02

Steel on steel  
 (dry)

0.80 0.60 0.002

Steel on steel  
 (lubricated)

0.10 0.05

Wood on wood 0.50 0.20

Wood on snow 0.12 0.06

Ice on ice 0.10 0.03

nu

vu vu

wu

nu

wu

Box pushed
slowly

x

y

u
fk

u
fk

u
Fpush

u
Fpush

The kinetic friction force is the same
no matter how fast the object slides.

Box pushed
faster

x

y

F
u
Fnet  =  0

u
F
u
Fnet  =  0

u

FIGURE 5.15 The kinetic friction force is opposite to the direction of motion.

Table 5.2 includes approximate values of mk. You can see that mk 6 ms, which 
explains why it is easier to keep a box moving than it is to start it moving.

 
 

Video Figure 5.14
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5.5 Friction
In everyday life, friction is everywhere. Friction is absolutely essential for many 
things we do. Without friction you could not walk, drive, or even sit down (you 
would slide right off the chair!). It is sometimes useful to think about idealized 
frictionless situations, but it is equally necessary to understand a real world where 
friction is present. Although friction is a complicated force, many aspects of friction 
can be described with a simple model.

Static Friction
Chapter 4 defined static friction f

u

s as the force that a surface exerts on an object to 
keep it from slipping across that surface. Consider the woman pushing on the box in 
FIGURE 5.13a. Because the box is not moving with respect to the floor, the woman’s 
push to the right must be balanced by a static friction force f

u

s pointing to the left. 
This is the general rule for finding the direction of f

u

s: Decide which way the object 
would move if there were no friction. The static friction force f

u

s then points in the 
opposite direction, to prevent motion relative to the surface.

Determining the magnitude of f
u

s is a bit trickier. Because the box is at rest, it’s in 
static equilibrium. From the free-body diagram of FIGURE 5.13b, this means that the 
static friction force must exactly balance the pushing force, so that fs = Fpush. As 
shown in FIGURES 5.14a and 5.14b, the harder the woman pushes, the harder the friction 
force from the floor pushes back. If she reduces her pushing force, the friction force 
will automatically be reduced to match. Static friction acts in response to an applied 
force.

A skier slides down a steep 27° slope. On a slope this steep, fric-
tion is much smaller than the other forces acting on the skier and 
can be ignored. What is the skier’s acceleration?

STRATEGIZE We will use Newton’s second law in component 
form to find the acceleration. We should choose a coordinate sys-
tem with the x-axis pointing down the slope. This greatly sim-
plifies the analysis because then the skier does not move in the 
y-direction at all, making ay = 0.

PREPARE FIGURE 5.12 is a visual overview. The free-body dia-
gram is based on the information in Figure 5.11.

Acceleration of a downhill skier

Because nu points directly in the positive y-direction, ny = n and 
nx = 0. Figure 5.11a showed the important fact that the angle 
between wu  and the negative y-axis is the same as the slope angle 
u. With this information, the components of wu  are wx = w sin u =  
mg sin u and wy = -w cos u = -mg cos u, where we used the fact 
that w = mg. With these components in hand, Newton’s second 
law becomes

 aFx = wx + nx = mg sin u = max

 aFy = wy + ny = -mg cos u + n = may = 0

In the second equation we used the fact that ay = 0. The m can-
cels in the first of these equations, leaving us with

ax = g sin u

This is the expression for acceleration on a frictionless surface 
that we presented, without proof, in Chapter 3. Now we’ve justi-
fied our earlier assertion. We can use this to calculate the skier’s 
acceleration:

ax = g sin u = 19.8 m/s22 sin 27° = 4.4 m/s2

ASSESS Our result shows that when u = 0, so that the slope 
is horizontal, the skier’s acceleration is zero, as it should be. 
Further, when u = 90° (a vertical slope), his acceleration is 
g, which makes sense because he’s in free fall when u = 90°. 
Notice that the mass canceled out, so we didn’t need to know 
the skier’s mass. We first saw the formula for the acceleration in 
◀◀ SECTION 3.4, but now we see the physical reasons behind it. 

EXAMPLE 5.10 

uWeight w

uNormal n

The skier’s acceleration 
points down the hill.

x

y

u
Fnetu

nu

wu

au
vu

FIGURE 5.12 Visual overview of a downhill skier.

SOLVE We can now use Newton’s second law in component 
form to find the skier’s acceleration:

 aFx = wx + nx = max

 aFy = wy + ny = may

 
 

Video Solving Problems Using Newton’s Laws

Pushing force Fpush
u

(a) Force identification

Normal n Friction fs
uu

Weight wu

u
nu

wu

(b) Free-body diagram

x

y

fs
u
Fpush

u
Fnet  =  0

u

FIGURE 5.13 Static friction keeps an 
object from slipping.
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Weight Drag Tension

Normal Static Friction Kinetic Friction

Component 
parallel to slope:

Friction

Friction and Normal Forces

Component 
perpendicular 

to slope:
Normal force

Molecules 
resisting 

compression

Molecules 
resisting 
sliding

Drag force

!
D

Direction:
Opposite motion of air

Magnitude:

D = 1
2CDρAv

2

Lift force

Direction:
Perpendicular to velocity

Lift

A force is a push or a pull.

A force acts on an object.

A force requires an agent.

At the instant of impact, the car and 
driver are moving at the same speed.

The car slows as it hits, but the driver 
continues at the same speed c

cuntil he hits the now-stationary 
dashboard. Ouch!

At the instant of impact, the car and 
driver are moving at the same speed.

The car slows as it hits, but the driver 
continues at the same speed c

cuntil he hits the now-stationary 
dashboard. Ouch!

At the instant of impact, the car and 
driver are moving at the same speed.

The car slows as it hits, but the driver 
continues at the same speed c

cuntil he hits the now-stationary 
dashboard. Ouch!

FIGURE 4.2 Newton’s first law tells us: Wear your seatbelts!

What is a force?

 A force is a push or a pull.
  Our commonsense idea of a force is that it is a push or a pull. We will refine this idea as we 

go along, but it is an adequate starting point. Notice our careful choice of words: We refer to 
“a force” rather than simply “force.” We want to think of a force as a very specific action, so 
that we can talk about a single force or perhaps about two or three individual forces that we 
can clearly distinguish—hence the concrete idea of “a force” acting on an object.

 A force acts on an object.
  Implicit in our concept of force is that a force acts on an object. In other words, pushes 

and pulls are applied to something—an object. From the object’s perspective, it has a force 
exerted on it. Forces do not exist in isolation from the object that experiences them.

 A force requires an agent.

  Every force has an agent, something that acts or pushes or pulls; that is, a force has a specific, 
identifiable cause. As you throw a ball, it is your hand, while in contact with the ball, that is the 
agent or the cause of the force exerted on the ball. If a force is being exerted on an object, you 
must be able to identify a specific cause (i.e., the agent) of that force. Conversely, a force is not 
exerted on an object unless you can identify a specific cause or agent. Note that an agent can be 
an inert object such as a tabletop or a wall. Such agents are the cause of many common forces.

 A force is a vector.
  If you push an object, you can push either gently or very hard. Similarly, you can push either left 

or right, up or down. To quantify a push, we need to specify both a magnitude and a direction. It 
should thus come as no surprise that a force is a vector quantity. The general symbol for a force 
is the vector symbol F

u
. The size or strength of such a force is its magnitude F.

 A force can be either a contact force . . .
  There are two basic classes of forces, depending on whether the agent touches the object or 

not. Contact forces are forces that act on an object by touching it at a point of contact. The 
bat must touch the ball to hit it. A string must be tied to an object to pull it. The majority of 
forces that we will examine are contact forces.

 . . . or a long-range force.
  Long-range forces are forces that act on an object without physical contact. Magnetism is 

an example of a long-range force. You have undoubtedly held a magnet over a paper clip and 
seen the paper clip leap up to the magnet. A coffee cup released from your hand is pulled to 
the earth by the long-range force of gravity.

Object

Agent

begins to slow. But the wall is a force on the car, not on the dummy. In accordance with 
Newton’s first law, the unbelted dummy continues to move straight ahead at his origi-
nal speed. Sooner or later, a force will act to bring the dummy to rest. The only ques-
tions are when and how large the force will be. In the case shown, the dummy comes 
to rest in a short, violent collision with the dashboard of the stopped car. Seatbelts and 
air bags slow a dummy or a rider at a much lower rate and provide a much gentler stop.

Forces
Newton’s first law tells us that an object in motion subject to no forces will continue to 
move in a straight line forever. But this law does not explain in any detail exactly what 
a force is. The concept of force is best introduced by looking at examples of some com-
mon forces and considering the basic properties shared by all forces. Let’s begin by 
examining the properties that all forces have in common, as presented in the table below.

 4.1 Motion and Forces 99
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If there aren’t any external forces,
objects in motion stay in motion,

objects at rest stay at rest.

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

Newton’s 
3rd Law

When you jump 
into the air, what 

provides the 
force that pushes 

you off the 
ground?

Why does the 
ground push on 

you?
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 ■ Static friction, denoted f
u

s, is the force that keeps an object “stuck” on a surface 
and prevents its motion relative to the surface. Finding the direction of f

u

s is a little 
trickier than finding the direction of f

u

k. Static friction points opposite the direction 
in which the object would move if there were no friction; that is, it points in the 
direction necessary to prevent motion.

Examples of kinetic and static friction are shown in FIGURE 4.12.

Drag
Friction at a surface is one example of a resistive force, a force that opposes or resists 
motion. Resistive forces are also experienced by objects moving through fluids—
gases (like air) and liquids (like water). This kind of resistive force—the force of a 
fluid on a moving object—is called drag and is symbolized as D

u
. Like kinetic friction, 

drag points opposite the direction of motion. FIGURE 4.13 shows an example of drag.
Drag can be a large force for objects moving at high speeds or in dense fluids. 

Hold your arm out the window as you ride in a car and feel how hard the air pushes 
against your arm. Note also how the air resistance against your arm increases rapidly 
as the car’s speed increases. For a small particle moving in water, such as a swim-
ming Paramecium, drag can be the dominant force.

On the other hand, for objects that are heavy and compact, moving in air, and 
with a speed that is not too great, the drag force of air resistance is fairly small. To 
keep things as simple as possible, you can neglect air resistance in all problems 
unless a problem explicitly asks you to include it. The error introduced into calcu-
lations by this approximation is generally pretty small.

Thrust
A jet airplane obviously has a force that propels it forward; likewise for the rocket in 
FIGURE 4.14. This force, called thrust, occurs when a jet or rocket engine expels gas 
molecules at high speed. Thrust is a contact force, with the exhaust gas being the 
agent that pushes on the engine. The process by which thrust is generated is rather 
subtle and requires an appreciation of Newton’s third law, introduced later in this 

D
u

Air resistance is a significant force
on falling leaves. It points opposite
the direction of motion.

vu Leaf

FIGURE 4.13 Air resistance is an example 
of drag.

u

Thrust force is exerted
on a rocket by exhaust
gases.

Fthrust

vexhaust
u

FIGURE 4.14 The thrust force on a rocket 
is opposite the direction of the expelled 
gases.

KEY CONCEPT FIGURE 4.12 Kinetic and static friction are parallel to the surface.

u

vu

cbecause a static friction
force directed to the right
opposes this motion.

The woman is pulling to the left,
but the crate doesn’t move c

The sled is moving to the right
but it is slowing down c

fk Sled
u
fsCrate

cbecause a kinetic friction
force directed to the left
opposes this motion.

STOP TO THINK 4.2 A frog is resting on a slope. Given what you learned in  
Figure 4.12, what can you say about the friction force acting on the frog?

A. There is no friction force.
B. There is a kinetic friction force directed up the slope.
C. There is a static friction force directed up the slope.
D. There is a kinetic friction force directed down the slope.
E. There is a static friction force directed down the slope.
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Thrust
Back to the Toys

Explain the operation in terms of forces.

When you are playing tug-of-war, what forces act on you?

What are the forces that act on the dishes?



Heading Down the Highway
A car accelerates down the highway. What force makes the car 
speed up?

0-60 Time

1/4 
Mile 
Time

Shortest 
time: 3.6 s

Data from Car & Driver

Wings that push down.

To make it better:

LiftWeight

Forces

Thrust Drag

There are 4 forces on a plane in level flight.

Lift requires speed: Air moving over the wings 
gets pushed downward. This pushes the plane 
upward.

Getting off the Ground

A skydiver has jumped from an airplane, and has reached terminal speed.

What is the net force on him?

What does this tell you about the weight force and the drag force?

Apparent Weight
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this to kilograms. But a kilogram is a unit of mass, not a unit of force. An object that 
weighs 1 pound, meaning w = mg = 4.45 N, has a mass of

 m =
w
g
=

4.45 N
9.80 m/s2 = 0.454 kg

This calculation is different from converting, for instance, feet to meters. Both feet 
and meters are units of length, and it’s always true that 1 m = 3.28 ft. When you 
“convert” from pounds to kilograms, you are determining the mass that has a certain 
weight—two fundamentally different quantities—and this calculation depends on 
the value of g. But we are usually working on the earth, where we assume that 
g = 9.80 m/s2. In this case, a given mass always corresponds to the same weight, and 
we can use the relationships listed in Table 5.1.

TABLE 5.1 Mass, weight, force

Conversion between force units:

1 pound = 4.45 N
1 N = 0.225 pound

Correspondence between mass and 
weight, assuming g = 9.80 m/s2:

1 kg 4 2.20 lb
1 lb 4 0.454 kg = 454 g

What are the weight, in N, and the mass, in kg, of a 90 pound gymnast, a 150 pound professor, and a 240 pound football player?

PREPARE We can use the conversions and correspondences in Table 5.1.

SOLVE We will use the correspondence between mass and weight just as we use the conversion factor between different forces:

wgymnast = 90 lb * 4.45 N
1 lb

= 400 N

     wprof = 150 lb * 4.45 N
1 lb

= 670 N

   wplayer = 240 lb * 4.45 N
1 lb

= 1070 N

   

mgymnast = 90 lb *
0.454 kg

1 lb
= 41 kg

     mprof = 150 lb *
0.454 kg

1 lb
= 68 kg

   mplayer = 240 lb *
0.454 kg

1 lb
= 110 kg

ASSESS We can use the information in this problem to assess the results of future problems. If you get an answer of 1000 N, you now 
know that this is approximately the weight of a football player, which can help with your assessment.

EXAMPLE 5.7 Typical masses and weights

Apparent Weight
The weight of an object is the force of gravity on that object. You may never have 
thought about it, but gravity is not a force that you can feel or sense directly. Your 
sensation of weight—how heavy you feel—is due to contact forces supporting you. 
As you read this, your sensation of weight is due to the normal force exerted on you 
by the chair in which you are sitting. The chair’s surface touches you and activates 
nerve endings in your skin. You sense the magnitude of this force, and this is your 
sensation of weight. When you stand, you feel the contact force of the floor pushing 
against your feet. If you are hanging from a rope, you feel the friction force between 
the rope and your hands.

Let’s define your apparent weight wapp in terms of the force you feel:

 wapp = magnitude of supporting contact forces (5.4)

 Definition of apparent weight

If you are in equilibrium, your weight and apparent weight are generally the same. 
But if you undergo an acceleration, this is not necessarily the case. For instance, you feel 
“heavy” when an elevator you are riding in suddenly accelerates upward, and you feel 
lighter than normal as the upward-moving elevator brakes to a halt. Your true weight 
w = mg has not changed during these events, but your sensation of your weight has.

Let’s look at the details for this case. Imagine a man standing in an elevator as it 
accelerates upward. As FIGURE 5.9 shows, the only forces acting on the man are the 
upward normal force of the floor and the downward weight force. Because the man 
has an acceleration au, according to Newton’s second law there must be a net force 
acting on the man in the direction of au.

FIGURE 5.9 A man weighing himself in 
an accelerating elevator.

wu

y

The man feels heavier
than normal while
accelerating upward.

u
Fnet

x

au

nu
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know that this is approximately the weight of a football player, which can help with your assessment.
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The weight of an object is the force of gravity on that object. You may never have 
thought about it, but gravity is not a force that you can feel or sense directly. Your 
sensation of weight—how heavy you feel—is due to contact forces supporting you. 
As you read this, your sensation of weight is due to the normal force exerted on you 
by the chair in which you are sitting. The chair’s surface touches you and activates 
nerve endings in your skin. You sense the magnitude of this force, and this is your 
sensation of weight. When you stand, you feel the contact force of the floor pushing 
against your feet. If you are hanging from a rope, you feel the friction force between 
the rope and your hands.

Let’s define your apparent weight wapp in terms of the force you feel:

 wapp = magnitude of supporting contact forces (5.4)

 Definition of apparent weight

If you are in equilibrium, your weight and apparent weight are generally the same. 
But if you undergo an acceleration, this is not necessarily the case. For instance, you feel 
“heavy” when an elevator you are riding in suddenly accelerates upward, and you feel 
lighter than normal as the upward-moving elevator brakes to a halt. Your true weight 
w = mg has not changed during these events, but your sensation of your weight has.

Let’s look at the details for this case. Imagine a man standing in an elevator as it 
accelerates upward. As FIGURE 5.9 shows, the only forces acting on the man are the 
upward normal force of the floor and the downward weight force. Because the man 
has an acceleration au, according to Newton’s second law there must be a net force 
acting on the man in the direction of au.
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Forces make 
things move.



Rotational Kinematics
The spinning roulette wheel isn’t going  
anywhere, but it is moving. This is rotational 
motion.

LOOKING AHEAD ▶▶

Torque
To start something moving, apply a force.  
To start something rotating, apply a torque, 
as this sailor is doing to the wheel.

You’ll learn about angular velocity and other 
quantities we use to describe rotational 
motion.

You’ll see that torque depends on how hard 
you push and also on where you push. A 
push far from the axle gives a large torque.

You’ll learn a version of Newton’s second 
law for rotational motion and use it to solve 
problems.

Rotational Dynamics
The girl pushes on the outside edge of the 
merry-go-round, gradually increasing its 
rotation rate.

Rotational Motion

Design modifications make this 
cyclist and her racing bicycle more 
aerodynamic, which enables her to 
achieve higher speeds. But there are 
less visible modifications that permit 
greater acceleration as well—most 
important, the design of the tires and 
wheels. How do you design bicycle 
wheels to achieve greater acceleration?

  GOAL To understand the physics of rotating objects.

LOOKING BACK ◀◀

Circular Motion
In Chapter 6, you learned to describe 
 circular motion in terms of period, 
 frequency, velocity, and centripetal 
 acceleration.

In this chapter, you’ll learn to use angular 
velocity, angular acceleration, and other 
quantities that describe rotational motion.

STOP TO THINK

As an audio CD plays, the frequency 
at which the disk spins changes. At 
210 rpm, the speed of a point on the 
outside edge of the disk is 1.3 m/s. At 
420 rpm, the speed of a point on the 
outside edge is
A. 1.3 m/s B. 2.6 m/s
C. 3.9 m/s D. 5.2 m/s

au

au

au

vu

vu

vu
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Torques make 
things rotate.

Torque

Force

Distance to the pivot

Pivot

Torque = Force x Distance to the pivot

Balancing torques

Who needs to sit closer to the pivot, 
the person with the larger mass or 
the person with the smaller mass?

What’s the 
point of the 

wheelbarrow?

 Questions 265

 5. Where are the centers of gravity of the two people doing the 
classic yoga poses shown in Figure Q8.5?

(a)

  

(b)

FIGURE Q8.5 

 6. You must lean quite far forward as you rise from a chair (try 
it!). Explain why.

 7. If you stand with your back and heels against a wall, and bend 
forward at the waist, you will topple forward. Explain why.

 8. A spring exerts a 10 N force after being stretched by 1 cm 
from its equilibrium length. By how much will the spring 
force increase if the spring is stretched from 4 cm away from  
equilibrium to 5 cm from equilibrium?

 9. A spring is attached to the 
floor and pulled straight 
up by a string. The string’s  
tension is measured. The 
graph in Figure Q8.9 shows 
the tension in the spring as 
a function of the spring’s 
length L. What is the spring 
constant?

 10. A typical mattress has a network of springs that provide sup-
port. If you sit on a mattress, the springs compress. A heavier 
person compresses the springs more than a lighter person. Use 
the properties of springs and spring forces to explain why.

 11. Take a spring and cut it in half to make two springs. How does 
the spring constant of the smaller springs relate to that of the 
original spring?

 12. A wire is stretched to its breaking point by a 5000 N force. A 
longer wire made of the same material has the same diameter. 
Is the force that will stretch it right to its breaking point larger 
than, smaller than, or equal to 5000 N? Explain.

 13. If you put a heavy load in a wheelbarrow, the 
force you apply to the handles is much less 
than the weight of the load and the wheelbar-
row. To lift with the least force, you put the 
load toward the front of the wheelbarrow, 
near to the front wheel. Explain how this 
reduces the force to support the handles.

 14. When you carry shopping bags, rather than 
grasp the handles with your hand as in 
Figure Q8.14a, you might choose to put them over your arm 
and slide the handle toward your elbow as in Figure Q8.14b. 
Explain why this leads to less muscle effort to carry the bags 
and less force in your elbow joint.

 15. You can apply a much larger bite force with your molars, in  
the back of your mouth, than with your incisors, at the front of 
your mouth. Explain why this is so.

 16. An isometric exercise is one in which the joint angle does not 
change during the application of muscle force. For instance, 
you can join your hands together, pushing down with one hand 
and pushing up with the other. In each arm, the muscles that 
provide the force are connected to the bones of the arm by ten-
dons. If you increase the forces but keep the angles the same, 
the muscles will still contract. Explain how this is possible.

 17. Steel nails are rigid and unbending. Steel wool is soft and 
squishy. How would you account for this difference?

Multiple-Choice Questions

 18. || Two children hold opposite ends of a lightweight, 1.8-m-long 
horizontal pole with a water bucket hanging from it. The older 
child supports twice as much weight as the younger child. How 
far is the bucket from the older child?
A. 0.3 m  B. 0.6 m

  C. 0.9 m   D. 1.2 m
 19. || The uniform rod in Figure Q8.19 has a 

weight of 14.0 N. What is the magnitude 
of the normal force on the surface?
A. 7 N  B. 14 N

  C. 20 N  D. 28 N
 20. | A student lies on a very 

light, rigid board with 
a scale under each end. 
Her feet are directly over 
one scale, and her body 
is positioned as shown in 
Figure Q8.20. The two 
scales read the values 
shown in the figure. What 
is the student’s weight?
A. 65 lb   B. 75 lb  C. 100 lb  D. 165 lb

 21. | For the student in Figure Q8.20, approximately how far from 
her feet is her center of gravity?
A. 0.6 m   B. 0.8 m     C. 1.0 m     D. 1.2 m

Questions 22 through 24 use the information in the following para-
graph and figure.

When you stand on a trampo-
line, the surface depresses below 
equilibrium, and the surface 
pushes up on you, as the data for 
a real trampoline in Figure Q8.22 
show. The linear variation of the 
force as a function of distance 
means that we can model the 
restoring force as that of a spring.
 22. || What is the spring constant of the trampoline?

A. 800 N/m B. 1600 N/m C. 2400 N/m D. 3200 N/m
 23. || A 65 kg gymnast stands on the trampoline. How much does 

the center of the trampoline compress?
A. 5.0 cm   B. 10 cm   C. 15 cm    D. 20 cm

 24. || A 65 kg gymnast jumps on the trampoline. At the lowest point 
of her motion, the trampoline is depressed 0.50 m below equilib-
rium. What is her approximate upward acceleration at this instant?
A. 10 m/s2  B. 15 m/s2  C. 20 m/s2  D. 25 m/s2

Frictionless surface

FIGURE Q8.19 

100 lb65 lb

2.0 m

FIGURE Q8.20 

Tension T

L

T (N)

0 2010
L (cm)

10

5

0

FIGURE Q8.9 

 FIGURE Q8.14 

0

800

1600

0 0.500.25

Restoring force (N)

Distance below equilibrium (m)

FIGURE Q8.22 
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0.25 m

1.1 m

A man is carrying a 51 kg load in a wheelbarrow.
What upward force must his hands provide?

115 N (26 lb)

500 N (112 lb)

Pivot

  115 N x 1.1 m = 125 N•m
500 N x 0.25 m = 125 N•m

 Problems 269

 45. || Figure P8.45 shows the 
operation of a garlic press. 
The lower part of the press 
is held steady, and the upper 
handle is pushed down, 
thereby crushing a gar-
lic clove through a screen. 
Approximate distances are 
shown in the figure. If the 
user exerts a 12 N force on 
the upper handle, estimate 
the force on the clove.

 46. ||| Consider a rower in a scull 
as in Figure P8.46. The oars 
aren’t accelerating, and they 
are rotating at a constant speed, 
so the net force and net torque 
on the oars are zero. An oar is  
2.8 m long, and the rower pulls with a 250 N force on the  
handle, which is 0.92 m from the pivot.
a. Assume that the oar touches the water at its very end. What 

is the drag force from the water on the oar? Assume that the 
oar is perpendicular to the boat, and that the force of the 
rower and the drag force are both perpendicular to the oar.

b. Given that both oars are the same, what is the total force  
propelling the boat forward?

 47. || Hold your upper arm vertical 
and your lower arm horizontal 
with your hand palm-down 
on a table, as shown in Figure 
P8.47. If you now push down 
on the table, you’ll feel that 
your triceps muscle has con-
tracted and is trying to pivot 
your lower arm about the 
elbow joint. If a person with 
the arm dimensions shown pushes down hard with a 90 N force 
(about 20 lb), what force must the triceps muscle provide? You 
can ignore the mass of the arm and hand in your calculation.

 48. || If you stand on one foot while holding your other leg up 
behind you, your muscles apply a force to hold your leg in this 
raised position. We can model this situation as in Figure P8.48. 
The leg pivots at the knee joint, and the force that holds the leg 
up is provided by a tendon attached to the lower leg as shown. 
Assume that the lower leg and the foot have a combined mass 
of 4.0 kg, and that their combined center of gravity is at the 
center of the lower leg.
a. How much force must the tendon exert to keep the leg in this 

position?
b. As you hold your leg in this position, the upper leg exerts a 

force on the lower leg at the knee joint. What are the magni-
tude and direction of this force?

5.0
Distance from pivot (cm)

7.5 10.0 12.52.5

FIGURE P8.45 

 49. || If you hold your arm outstretched with palm upward, as in 
Figure P8.49, the force to keep your arm from falling comes 
from your deltoid muscle. The arm of a typical person has mass 
4.0 kg and the distances and angles shown in the figure.
a. What force must the deltoid muscle provide to keep the arm 

in this position?
b. By what factor does this force exceed the weight of the arm?

30 cm
2.4 cm

Triceps

FIGURE P8.47 

FIGURE P8.46 

50 cm

5.0 cm

The tendon provides
the torque to raise
the lower leg.

FIGURE P8.48 

15°

17 cm

38 cm

Deltoid

FIGURE P8.49 

9.0 cm

4.0 cm

(a) (b)

FIGURE P8.50 

 50. ||| Dogs—like many animals—stand and walk on their toes. A 
photo of the rear foot of a dog is shown in Figure P8.50a; Fig-
ure P8.50b shows the bones of the leg and foot along with rel-
evant distances. The colored element corresponds to your foot, 
and the connection with the leg corresponds to your ankle. The 
Achilles tendon pulls on the end of the foot, along a line 4.0 cm 
from the ankle. What is the tension in the tendon if a 20 kg dog 
is supporting ¼ of its weight on one rear foot?

General Problems

 51. |||| A 3.0-m-long rigid beam 
with a mass of 100 kg is 
supported at each end, as 
shown in Figure P8.51. 
An 80 kg student stands 
2.0 m from support 1. 
How much upward force 
does each support exert 
on the beam?

 52. ||| An 80 kg construction worker sits down 2.0 m from the end 
of a 1450 kg steel beam to eat his lunch, as shown in Figure 
P8.52. The cable supporting the beam is rated at 15,000 N. 
Should the worker be worried?

Support 1

3.0 m

2.0 m

Support 2

FIGURE P8.51 

6.0 m

30°

Cable

FIGURE P8.52 

Watch Video Solution  Problem 8.51
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Mechanical 
Advantage

The force on the 
garlic clove is 5x 
the force exerted 

by the hand.
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Should the worker be worried?

Support 1

3.0 m

2.0 m

Support 2

FIGURE P8.51 

6.0 m

30°

Cable

FIGURE P8.52 

Watch Video Solution  Problem 8.51
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Mechanical 
Advantage

Question
What are other 

tools in the kitchen 
or the workshop 

that use this 
principle?

Experiment
Change the 

position of the 
band. How does 

the force required 
change?



Negative 
Mechanical 
Advantage

The force provided 
by each quadriceps 
for this stance is 
more than 5x the 
person’s weight

The Curl

If you lift a 10 pound weight, 
what is the force provided 
by your biceps?

36

The Curl

If you lift a 10 pound weight, 
what is the force provided 
by your biceps?

36

90 lb

10 lb 12 cm 6 cm

A man (weight 700 N, 160 lb) 
stands on the toes of one foot.
What is the force provided by 

the Achilles tendon? 

160 lb 320 lb

12 cm 6 cm

Now, look at 
the force in 
the joint!

160 lb 320 lb

480 lb
Question

Every joint in your 
body has negative 

mechanical 
advantage.

Are there any 
beneficial tradeoffs?

Which one is a digger, which one is a jumper? Jumping



Digging
Torques in the Spine

Bending at the Waist A 70 kg man bends forward 
at the waist; the gravitational 
torque is balanced by 
muscles along the back.
If you assume that 55% of 
his weight is in his torso, and 
the center of gravity of his 
torso is 43 cm from his hips, 
and the moment arm for his 
spinal muscles is 0.060 m, 
what is the force provided 
by the muscles?

55% of weight

Bending at the 
Waist

Man’s weight: 
690 N (150 lb)
Muscle force:

1370 N (310 lb)
200+% of weight

Bite force
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This force acts 35 cm from the pivot. The force in the joint acts at 
the pivot, so it does not contribute a torque.

SOLVE The tension in the tendon tries to rotate the arm counter-
clockwise, so it produces a positive torque. The torque due to the 
barbell, which tries to rotate the arm in a clockwise direction, is neg-
ative. For static equilibrium, the magnitudes of the two torques must 
be equal. Given the forces and distances we identified, we can write

T14.0 cm2 = 1540 N2135 cm2
We can solve this equation for the tension in the tendon. The dis-
tances appear in a ratio, so the units cancel; there is no need for 
unit conversion:

T = 1540 N2 35 cm
4.0 cm

= 4700 N

The tendon tension comes from the muscles, which must provide 
a force nearly 9 times the weight lifted! For this lift, the biceps in 
the arms are pulling with a combined force of about 1 ton, which 
makes this impressive lift seem even more amazing.

The tendon sustains a very large tension force. The maximum 
possible tendon tension is fixed by the cross-section area of the 
tendon and the tensile strength given in Table 8.4:

T max = 1100 * 106 N/m2211.3 * 10-4 m22 = 13,000 N

The required tension for the lift is 36% of the maximum possible 
tension.

ASSESS The large value for the tendon tension makes sense, given 
the problem statement, as does the fact that the tension is a signifi-
cant fraction of what the tendon can support. The lift is possible, but 
it’s nearing the limit of what the tissues of the body can do.

Lifting muscle
(biceps)

Tendon
Elbow joint

4.0 cm

35 cm

FIGURE 8.29 The arm lifting a barbell.

These forces cause
torques about the elbow.

Ftendon

Fjoint Fbarbell
35 cm

4.0 cm

u

u
u

FIGURE 8.30 A simplified model of the arm and weight.

Let’s look at one more example, the motion of the jaw. A typical person can gen-
erate a bite force of 1200 N at the second molars, a force that is probably greater 
than the person’s weight. The masseter muscle that provides most of the force to 
close your jaw isn’t a particularly large muscle, but its attachment is quite favorable 
for providing large forces, as FIGURE 8.31a shows. The force vector shows the approxi-
mate line of force of the masseter muscle. The line of the force is about  
5 cm from the pivot, compared to about 7 cm from the molars. This means that the 
force at the molars is nearly equal to the full force of the muscle. This is a dramatic 
difference from the previous examples. There’s a trade-off, though—you may be 
capable of great bite strength, but your jaw has a very limited range of motion and 
you have limited bite speed. FIGURE 8.31b shows a dog jaw along with the pivot and 
the approximate line of force of the masseter. The prominent canine teeth at the front 
of the jaw are much farther from the pivot than the muscle, so the canine teeth are 
well adapted for rapid, slashing bites. Cats have much shorter jaws than dogs. What 
does this imply about their bite speed and force? Making light work of moving   

The tendon force is so large in Example 8.12 
because the weight is supported much farther 
from the elbow than the point where the 
tendon attaches. If the weight is supported 
closer to the elbow, the downward torque of 
the weight is much less, reducing the neces-
sary tendon and muscle force. In the picture, 
two people are using lifting straps to carry a 
heavy appliance. The straps hang very close 
to the elbow, so the required muscle force to 
support the weight is much less than it would 
otherwise be.

(a) (b)

Jaw pivot Jaw pivot

FIGURE 8.31 Jaw motion in a human and a dog.
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Why do dogs have long snouts while cats do not?

SlashingCrushing


