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 Work and Energy      

    In this chapter, your goals are to:   
•   (6-1) Explain the relationship between work and energy.  

•   (6-2)  Calculate the work done by a constant force on an object moving in 
a straight line.  

•   (6-3) Describe what kinetic energy is and understand the work- energy theorem.  

•   (6-4) Apply the work- energy theorem to solve problems.  

•   (6-5)  Recognize why the work- energy theorem applies even for curved paths and 
varying forces like the spring force.  

•   (6-6)  Explain the meaning of potential energy and how conservative forces such 
as the gravitational force and the spring force give rise to gravitational 
potential energy and spring potential energy.  

•   (6-7)  Explain the differences between, and when you can apply, the generalized law 
of conservation of energy and the conservation of total mechanical energy.  

•   (6-8)  Identify which kinds of problems are best solved with energy conservation 
and the steps to follow in solving these problems.  

•   (6-9)  Describe what power is and its relationship to work and energy.    

    To master this chapter, you should review:   
•   (2-4)    The equations for constant- acceleration motion in a straight line.  

•   (4-2, 4-5) Newton’s second and third laws of motion.     

    6-1    The ideas of work and energy 
are intimately related  
 Energy is used in nearly every living process — moving, breathing, circulating blood, 
digesting food, and absorbing nutrients. You’ve no doubt heard that there are differ-
ent kinds of energy, including kinetic, potential, and internal, and that energy can be 
transformed from one of these kinds into another. But what  is  energy? 

 In this chapter we’ll see that if an object or system has    energy   , then that object or 
system may be able to do  work.  Work has many different meanings in everyday life. 
In the language of physics, however, work has a very specific definition that describes 
what happens when a force is exerted on an object as it moves. One example of doing 
work is lifting a book from your desk to a high bookshelf; another is a football player 

  What do you think?  

 The ostrich ( Struthio 
camelus ) is the world’s 
largest bird, with twice the 
mass of an adult human. 
Despite its size, an ostrich 
can run at a steady 50 km/h 
(14 m/s, or 31 mi/h) for 
extended periods. Which 
anatomical structure is most 
important for sustaining a 
running ostrich’s motion? 
(a) The ostrich’s long neck; 
(b) its feathers; (c) the 
tendons in its legs; (d) its 
clawed feet. 
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F

d

As the ball hits its target and slows down, work is done on the target. Some 
kinetic energy also goes into deforming the ball and giving it elastic potential 
energy, which converts again to kinetic energy when the ball springs back.

The football player applies a force F to the sled while 
it moves a distance d. Hence he does an amount of 
work on the sled equal to Fd.

(a) (b) (c)

The girl does work on the basketball: She exerts a force 
on the ball as she pushes it away from her. As a result 
the ball acquires kinetic energy (energy of motion).

The man exerts a constant force F 
on the crate. The direction of the 
force is parallel to the ramp.

As he exerts the force, the crate moves
through a displacement d up the ramp.

F

d

If the force F the man exerts on the crate is in the same direction as
the displacement d of the crate, the work W that he does on the crate
is the product of force and displacement: W = Fd.
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Figure 6-1 Work and energy In this chapter we’ll explore 
the ideas of (a) work, (b) kinetic energy, and (c) potential 
energy.

TAKE- HOME MESSAGE 
FOR Section 6-1
✔ A force acting on an object 
in motion can do work on that 
object.

✔ An object or system’s 
energy is related to its ability to 
do work.

✔ There are different kinds 
of energy, including kinetic, 
potential, and internal. Energy 
can be transformed from one of 
these kinds into another.

Figure 6-2 Work is force times distance  
Calculating how much work the man does  
to push the crate up the ramp.
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pushing a blocking sled across a field (Figure 6-1a). By combining the definition of 
work with our knowledge of Newton’s second law, we’ll be led to the idea of kinetic 
energy, which is the energy that an object has due to its motion (Figure 6-1b). An 
object with kinetic energy has the ability to do work: For example, a moving ball has 
the ability to displace objects in its path (Figure 6-1c).

Sometimes kinetic energy is lost: It gets converted to a form of energy that can’t be used 
to do work. One example is when an egg thrown at high speed splatters against a wall. But 
if that egg is replaced with a rubber ball, the ball bounces off with nearly the same speed 
at which it was thrown and so we recover most of the ball’s kinetic energy. We say that as 
the ball compresses against the wall, its kinetic energy is converted into potential energy —  
energy associated not with the ball’s motion but with its shape and position. This potential 
energy is again converted into kinetic energy as the ball bounces back (Figure 6-1c).

In this chapter we’ll look at the ways in which kinetic energy, potential energy, and 
internal energy —  energy stored within an object, sometimes in a way that can’t easily 
be extracted —  can transform into each other. (As an example, the energy you need to 
read this chapter is extracted from the internal energy of food that you consumed ear-
lier.) In this way we’ll discover the law of conservation of energy, which proves to be 
one of the great unifying principles of the natural sciences in general.

6-2 The work that a constant force does on  
a moving object depends on the magnitude  
and direction of the force
The man depicted in Figure 6-2 is doing work as he pushes a crate up a ramp. The 
amount of work that he does depends not only on how hard he pushes on the crate 
(that is, on the magnitude of the force that he exerts) but also on the distance over 
which he moves the crate (that is, the displacement of the crate). In a similar way, the 
football players shown in Figure 6-1a will be more exhausted if the coach asks them 
to push the blocking sled all the way down the field rather than a short distance.

These examples suggest how we should define the work done by a force on an 
object. Let’s begin with the case of an object moving in a straight line through a dis-
placement 

�
d. As the object moves, a constant force 

�
F  acts on it that points in the same 
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6-2   The work that a constant force does on a moving object depends on the magnitude and direction of the force      197

direction as 
�
d. Then the work done by the force equals the product of the force magni-

tude F and the distance d over which the object moves:

Work done by a constant force 
that points in the same direction 
as the straight- line displacement 
(6-1)

Magnitude of the displacement d

Work done on an object by a constant force F that points
in the same direction as the object's displacement d Magnitude of the constant force F

W = Fd

Note that Equation 6-1 refers only to situations in which the motion is in a straight 
line and the force acts in the same direction as the displacement. You’ve already seen 
two situations of this sort: The football players in Figure 6-1a push the sled backward 
as it moves backward, and the man in Figure 6-2 pushes the crate uphill as it moves 
uphill. Later we’ll consider cases in which force and displacement are not in the same 
direction and the motion isn’t along a straight line.

We saw in Chapters 4 and 5 that it’s important to keep track of what object exerts 
a given force and on what object that force is exerted. It’s equally important to keep 
track of both the object that exerts a force and the object on which the force does 
work. For example, in Figure 6-2, the object exerting a force is the man, and the object 
on which the force does work is the crate.

The unit of work, the joule (J), is named after the nineteenth- century English phys-
icist James Joule, who did fundamental research on the relationship between motion 
and work. From Equation 6-1,

1 J 1 N 1 m or 1 J 1 N m= × = ⋅
You do 1 J of work when you exert a 1-N push on an object as it moves through 

a distance of 1 m.

WATCH OUT! Work and 
weight have similar symbols.

Since work and weight begin 
with the same letter, it’s 

important to use different symbols 
to represent them in equations. 
We’ll use an uppercase W for work 
and a lowercase w for weight (the 
magnitude of the gravitational 
force), and we recommend that you 
do the same to prevent confusion.

!

EXAMPLE 6-1 Lifting a Book
How much work must you do to lift a textbook with a mass of 2.00 kg — roughly the mass of the printed version of this 
book — by 5.00 cm? (You lift the book at a constant speed.)

Set Up
Newton’s first law tells us that the net force on the 
book must be zero if it is to move upward at a con-
stant speed. Hence the upward force you apply must 
be constant and equal in magnitude to the gravita-
tional force on the book. Since the book moves in 
a straight line, the applied force is constant, and this 
force is in the direction in which the book moves, 
we can use Equation 6-1 to calculate the work done.

Work done on an object, 
force in the same direction 
as displacement:

=W Fd  (6-1)

Solve
Calculate the magnitude F of the force that you 
exert (equal to the gravitational force on the 
book). Then substitute this and the displacement 

5.00 cm=d  into Equation 6-1 to determine the 
work that you do.

(2 00 kg)(9 80 m s )
19.6 N

(19.6 N)(5.00 cm)
(19.6 N)(0.0500 m)
0.980 N m
0.980 J

2/= = .  .  
=

= =
=
= ⋅
=

F mg

W Fd

book
 m = 2.00 kg

Fexerted by you

w = mg

d = 5.00 cm

Reflect
The work that you do is almost exactly 1 joule. The actual amount of energy that you would need to expend is several 
times more than 0.980 J, however. That’s because your body isn’t 100% efficient at converting energy into work. Some 
of the energy goes into heating your muscles. In fact, your muscles can consume energy even when they do no work, as 
we describe below. The value of 0.980 J that we calculated is just the amount of work that you do on the book.

07_FreedmanCP3e_25534_ch06_195-249.indd   197 14/10/20   12:21 PM

Copyright © 2021 W. H. Freeman and Company. Distributed by W. H. Freeman and Company. Strictly for use with its products. Not for redistribution.



198     Chapter 6  Work and Energy 

EXAMPLE 6-2 Work Done by Actin
In order to fertilize eggs, the sperm of the horseshoe crab (Figure 6-3) must 
penetrate two protective layers of the egg with a combined thickness of about  

µ = × −40 m 40 10 m6 . To achieve this, a bundle of the protein actin on the outer  
surface of the sperm pushes through the egg’s protective layers with a constant 
force of 1.9 10 N9× − . How much work does the actin bundle do in this process?

Set Up
The force exerted is both constant and in the same 
direction as the straight- line motion of the end of the 
bundle. Hence we can once again use Equation 6-1.

=W Fd      (6-1)

B i oMed i c a l

Figure 6-3 A horseshoe crab Horseshoe crabs (family Limulidae) have existed 
on Earth for 450 million years. Despite their name, they are more closely related to 
spiders and scorpions than to true crabs. Like the cells of other animals and plants, 
horseshoe crab cells contain an important protein called actin. J 
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Solve
The work done by the actin bundle equals the force 
exerted by the actin bundle multiplied by the distance 
that it pushes through the outer layers of the egg.

done by bundle =W Fd

= × ×− −(1.9 10 N)(40 10 m)9 6

7.6 10 J14= × −

Reflect
The amount of work done by the actin bundle seems 
ridiculously small. But such a bundle is microscopic, 
with a length of only µ60 m (slightly greater than the 
thickness of the layers of the egg that it must penetrate) 
and a mass 10 kgbundle

16≈ −m . (The symbol ≈ means 
“approximately equal to.”) Hence the amount of 
work that the actin bundle does per kilogram of mass 
is 10 J kgdone by bundle bundle

3/ /≈W m . If a 60-kg person 
could do that much work on a per- kilogram basis on 
the book in Example 6-1, he or she could lift the book 
3 km (nearly 10,000 ft)! An actin bundle is small, but 
it packs a big punch.

/
Work done by actin bundle

Mass of actin bundle
7 6 10 J

10 kg
10 J kg

14

16
3= . × ≈

−

−

If a 60-kg person could do that much work on a  
per- kilogram basis,

Work done (10 J kg)(60 kg) 6 10 J3 4/= ≈  = ×W

Height d to which this amount of work could raise a book of 
mass 2.00 kg and weight 19.6 N:

=W mgd, so 
6 10 J
19 6 N

3 10 m 3 km
4

3= = ×
.

≈ × =d
W
mg

Muscles and Doing Work
Pick up a heavy object and hold it in your hand at arm’s length (Figure 6-4). After 
a while you’ll notice your arm getting tired: It feels like you’re doing work to hold 
the object in midair. But Equation 6-1 says that you’re doing no work on the object 
because it isn’t moving (its displacement d is zero). So why does your arm feel tired?

To see the explanation for this seeming paradox, notice that the muscles in your arm 
(and elsewhere in your body) exert forces on their ends by contracting. Skeletal muscles 
(those that control the motions of your arms, legs, fingers, toes, and other structures) are 
made up of bundles of muscle cells (Figure 6-5a). Muscle cells consist of bundles of myofi-
brils that are segmented into thousands of tiny structures called sarcomeres. Connected to 
each other, end to end, sarcomeres contain interdigitated filaments of the contractile proteins 
actin and myosin (Figure 6-5b). As the filaments slide past each other the sarcomeres can 
shorten, resulting in the muscle contracting; when the muscle relaxes, sarcomeres lengthen.

The reason your arm tires while holding a heavy object is that shortening the sar-
comeres and maintaining the contraction against the load of the object requires energy. 
Metabolic pathways convert energy stored in the chemical bonds of fat and sugar to 
a form that your muscle cells can use, but these reactions generate waste products that 
change the conditions in the muscle. This leads to the feeling that you’ve been doing 
work —  even though you’re doing no work on the object you’re holding.

B i o M e d i c a l

Figure 6-4 Getting tired while 
doing zero work Weights that 
you hold stationary in your 
outstretched arms undergo  
no displacement, so you do  
zero work on them. Why, then,  
do your arms get tired?
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6-2   The work that a constant force does on a moving object depends on the magnitude and direction of the force      199

If you again hold the object in one hand, but now rest your elbow on a table, 
you’ll be able to hold the object for a longer time without fatigue. That’s because in 
this case you’re using only the muscles of your hand and forearm, not those of your 
upper arm. Fewer muscle fibers have to stay contracted, fewer crossbridges between fil-
aments have to be reattached to maintain the contraction, and you expend less energy.

Work by Forces Not Parallel to Displacement  
and Negative Work
For an object that moves in a straight line, how can we calculate the work done by 
a constant force that is not in the direction of the object’s motion? As an example, 
in Figure 6-6a a groundskeeper is using a rope to pull a screen across a baseball 
diamond to smooth out the dirt. The net tension force 

�
F  that the rope exerts on the 

screen is at an angle θ  with respect to the straight- line displacement 
�
d  of the screen, 

so only the component of the force along the displacement does work on the screen 
(Figure 6-6b). This component is cos θF , so the amount of work done by the force is

One sarcomere

(a) (b)

Z disc Thin
filaments

Thick
filaments

Figure 6-5 Muscles and muscle function (a) The muscles 
of your body are composed of many individual muscle 
fibers. (b) The internal structure of a muscle fiber when 
relaxed (top) and contracted (bottom).

See the Math Tutorial 
for more information on 
trigonometry.

Calculating the work done by a 
constant force at an angle θθ to 
the straight- line displacement 
(6-2)

Work done on an object by a constant force F that
points at an angle q to the object's displacement d Magnitude of the constant force F

Magnitude of the displacement dAngle between the directions of F and d

W = (F cos q)d

So the work done by a constant force equals the component of force in the direc-
tion of the displacement, multiplied by the displacement. Note that we can also write 
Equation 6-2 as ( cos )θ=W F d , where cos θd  is the component of the displacement 
along the force (Figure 6-6c). So, equivalently, the work done by a constant force equals 
the force multiplied by the component of displacement in the direction of the force.

To better understand Equation 6-2, let’s look at some special cases.

• If 
�
F  is in the same direction as the motion, 0θ =  and cos cos 0 1θ = = . This is 

the same situation as shown in Figure 6-2, and in this case Equation 6-2 gives 
the same result as Equation 6-1: =W Fd .

• If the angle θ  between the force and displacement is more than zero but less 
than 90°, as in Figure 6-6b, then cos θ  is less than one but still positive. The 
work W done by the force 

�
F  is positive but less than Fd.

• If 
�
F  is perpendicular to the direction of motion, 90θ = ° and cos 90 0° = .  

In this case Equation 6-2 tells us that force 
�
F  does zero work. An example 
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is the force exerted by a lazy dog lying on top of the screen from Figure 6-6a 
(Figure 6-7). The dog exerts a downward force on the screen as the screen 
moves horizontally, so 90θ = ° and the lazy dog does no work at all.

• If the angle θ  in Equation 6-2 is greater than 90°, the value of cos θ  is negative. 
In this case force 

�
F  does negative work: 0<W . As an example, Figure 6-8 

shows a cart rolling along the floor as a person tries to slow it down. The 
force 

�
F  that the person exerts on the cart is directed opposite to the cart’s 

displacement 
�
d, so the angle θ  in Equation 6-2 is 180°. Since cos 180 1° = − , this 

means that the work the person does on the cart is person on cart = −W Fd, which 
is negative.

What does it mean to do negative work on an object? Remember that when the 
force on an object (and hence its acceleration) points in the opposite direction of the 
object’s velocity and displacement, the object slows down (see Figure 2-10). So if you 
want to slow an object down, you must do negative work on it. Conversely, if you do 
positive work on an object, you can speed it up.

Here’s another way to understand what it means to do negative work. The person 
in Figure 6-8 does negative work person on cart = −W Fd on the cart because she exerts a 
force 

�
F  on the cart opposite to the cart’s displacement 

�
d. But by Newton’s third law, 

the cart exerts a force 
�

−F on her (the same magnitude of force but in the opposite 
direction). The person has the same displacement 

�
d  as the cart, and the force the cart 

exerts on her is in the same direction as her displacement ( 0θ =  and cos 1θ = +  in 
Equation 6-2). So the work that the cart does on the person is positive and equal to 

cart on person = +W Fd. If object A does negative work on object B, then object B does an 
equal amount of positive work on object A. Another example of this is when a moving 
cue ball hits a stationary 8-ball on a pool table. The cue ball does positive work on the 
8-ball: It pushes the 8-ball forward (in the direction that the 8-ball moves) and makes 
the 8-ball speed up. The 8-ball does negative work on the cue ball: It pushes back on 
the cue ball (in the direction opposite to the cue ball’s motion) and makes the cue ball 
slow down.

Table 6-1 summarizes the relationship between the angle at which a force acts on 
an object and the work the force does on the object.

Figure 6-6 When force is not aligned with displacement (a) A man exerts a force on 
a screen to pull it across a baseball field. (b), (c) Finding the work that the man does on 
the screen (seen from the side).

If a constant force F acts on an object at an angle q to the 
object’s displacement d, the work done by the force equals 
the force component F cos q along the displacement 
multiplied by the displacement d: W = (F cos q ) d. 
Equivalently, the work done by the force equals the force 
F multiplied by the displacement component d cos q  
along the force F: W = F (d cos q ).

(a)

F

d

F

F cos qq

d

(b)

(c)

Screen
The man exerts a force F on the 
screen. The direction of the force 
is not parallel to the ground.

To calculate the work done by the force, 
find the component of force F cos q 
along the displacement, then multiply 
by the displacement d.

Alternatively, to calculate the work 
done by the force, find the component 
of displacement d cos q along the force, 
then multiply by the force F.

As he exerts the force, 
the screen’s displacement 
along the ground is d.

F

d cos qq

d

Screen

A lazy dog exerts a downward 
force on the screen.

F
d

The angle between the force and 
the displacement d of the screen is 
90° (the force and displacement are 
perpendicular). Hence the force has 
zero component in the direction of 
d and does zero work.

q = 90°

Figure 6-7 Doing zero work A dog 
resting atop the screen exerts a 
force on the screen as it slides but 
does zero work on the screen.
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Calculating Work Done by Multiple Forces
What if more than one force acts on an object as it moves? Then the total work done on the 
object is the sum of the work done on the object by each force individually. For example, 
four forces act on the screen in Figure 6-6a: the tension in the rope, the gravitational force, 
the normal force, and the force of friction. The free- body diagram in Figure 6-9 shows all of 
these forces, as well as the displacement vector 

�
d (which points in the direction of motion).

We use Equation 6-2 to determine the work that each force does on the screen:

Tension force: This force 
�
T  (which we labeled 

�
F  in Figure 6-6a) acts at an angle θ  

with respect to the direction of motion, so costension θ=W Td .

Gravitational force: The gravitational force �w  is perpendicular to the direction of 
motion, so the angle θ  in Equation 6-2 is 90° for this force. Since cos 90 0° = , the 
work done by the gravitational force is 0gravity =W .

Normal force: The normal force �n is also perpendicular to the direction of motion. So 
like the gravitational force, the normal force does no work at all: 0normal =W .

Kinetic friction force: Because friction opposes sliding, the kinetic friction force vector �
kf  points in the direction opposite to the motion. The angle to use in Equation 6-2 is 

therefore 180°, and friction k=W f d cos 180 kf d° = − . (The friction force does negative 
work on the screen because it opposes the screen’s motion.)

The total work done on the screen by all four forces is the sum of these:

cos 0 0 ( )total tension gravity normal friction kθ= + + + = + + + −W W W W W Td f d

cos ( cos )k kθ θ= − = −Td f d T f d

If the horizontal component cos θT  of the tension force (which does positive work) 
is greater in magnitude than the kinetic friction force fk (which does negative work), the 
total work done on the screen is positive and the screen speeds up. But if cos θT  is less 
than fk, the total work done on the screen is negative and the screen slows down.

Figure 6-8 Doing negative work 
As the cart rolls to the right, the 
person pushes on the cart to the left 
to make it slow down. As a result, 
she does negative work on the cart.

d

Fcart on person = –Fperson on cart

Fperson on cart

1 As the person tries to make the cart slow down, the cart and the person’s 
hands move together to the right (they have the same displacement).

2 The force of the person on the cart is 
opposite to the cart’s displacement. 
Hence q = 180°, cos q = –1, and the 
person does negative work on the cart.

3 By Newton’s third law, the cart exerts an equally 
strong force on the person, but in the opposite 
direction—that is, in the same direction of the 
displacement of the person’s hands. So the cart 
does positive work on the person.

If one object (like the 
person) does negative 
work on a second object 

(like the cart), the second object 
does an equal amount of positive 
work on the �rst object.

TABLE 6-1 Work Done by a Constant Force
If the angle between a force 

�
F  on an object and 

the displacement 
�
d  of the object is . . . . . . then the work done by the force is . . .

Less than 90° positive

90° zero

More than 90° negative

Figure 6-9 Calculating the 
work done by multiple forces The 
free- body diagram for the screen 
shown in Figure 6-6a. The motion 
of the screen is in the positive x  
direction. We use Equation 6-2 to 
calculate the work done on the 
screen by each force, then sum 
these to find the total work done 
on the screen.

x

w

fk

n T
q

d

Always draw the displacement 
vector d to one side so you don’t 
confuse it with the force vectors.
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202     Chapter 6  Work and Energy 

EXAMPLE 6-3 Up the Hill
You need to push a box of supplies (weight 225 N) from your car to your campsite, a distance of 6.00 m up a 5.00° incline. 
You exert a force of 85.0 N parallel to the incline, and a 56.0-N kinetic friction force acts on the box. Calculate (a) how 
much work you do on the box, (b) how much work the force of gravity does on the box, (c) how much work the friction 
force does on the box, and (d) the net work done on the box by all forces.

Set Up
Since this problem involves forces, we draw a 
free- body diagram for the box. The forces do 
not all point along the direction of the box’s dis-
placement 

�
d, so we’ll have to use Equation 6-2 

to calculate the work done by each force. Once 
we’ve calculated these, we’ll sum them to find 
the net work done on the box by all forces.

Work done by a constant  
force, straight- line displacement:

cos θ=W Fd   (6-2)

Solve
(a) The force you exert on the box is in the same 
direction as the box’s displacement, so 0θ = ° in 
Equation 6-2.

cos 0you youW F d= °
(85.0 N)(6.00 m)(1)=
5.10 10 N m2= × ⋅
5.10 10 J2= ×

(b) The angle between the gravitational force and  
the displacement is 90.0 5.00 95.0θ = ° + ° = °. 
Since this is more than 90°, cos θ  is negative and 
the gravitational force does negative work on 
the box.

cos 95.0grav = °W wd
(225 N)(6.00 m)( 0.0872)= −

1.18 10 J2= − ×

fk
5.00°

Fyou

n

w

d
x

y

(c) The friction force points opposite to the  
displacement, so for this force 180θ = ° and  
cos 1θ = − .

cos 180friction k= °W f d
(56.0 N)(6.00 m)( 1)= −

3.36 10 J2= − ×

(d) The net work is the sum of the work done by all 
four forces that act on the box. The normal force 
points perpendicular to the displacement, so it does 
zero work (for this force, 90θ = ° and cos 0θ = °).

(5.10 10 J) ( 1.18 10 J)
( 3.36 10 J) 0

0.56 10 J 56 J

total you grav friction
2 2

2

2

= + + +
= × + − ×

+ − × +
= × =

W W W W Wn

Reflect
To check our result, let’s calculate how much 
work is done by the net force that acts on the box. 
Our discussion of Equation 6-2 tells us that we 
only need the component of the net force in the 
direction of the displacement, which in our figure 
is the positive x component. So the work done by 
the net force is just ∑Fx  multiplied by d.

We learn two things from this. One, the 
work done by the net force has the same value 
as the sum of the work done by the individual 
forces. Two, in this case the net force is in the 
direction of the displacement, which means that 
the box picks up speed as it moves and the net 
work done on the box is positive. We’ll use both 
of these observations in the next section to relate 
the net work done on an object to the change in 
its speed.

Net force up the incline:

sin 5.00you kF F f wx∑ = − − °
85.0 N 56.0 N (225 N)(0.0872)= − −
9.4 N=

(positive, so the net force is uphill)

Work done by net force:

net ∑( )=W F dx

(9.4 N)(6.00 m)=
56 J=

This equals the sum of the work done by the four forces individually.
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6-3 Kinetic energy and the work- energy 
theorem give us an alternative way  
to express Newton’s second law
In Example 6-3 we considered a box being pushed uphill that gained speed as it moved. 
We found that the total amount of work being done on this box was positive. Let’s now 
show that there’s a general relationship between the total amount of work done on an 
object and the change in that object’s speed. To find this important relationship, we’ll 
combine our definition of work from Section 6-2 with what we learned about one- 
dimensional motion in Chapter 2 and our knowledge of Newton’s laws from Chapter 4.

Let’s begin by considering an object that moves along a straight line that we’ll call 
the x axis, traveling from initial coordinate ix  to final coordinate fx  with a constant 
acceleration ax (Figure 6-10). Equation 2-11 gives us a relation between the object’s 
velocity vix at ix  and its velocity fv x at fx :

 = + −2 ( )f
2

i
2

f iv v a x xx x x  (6-3)

In Equation 6-3 f
2v x is the square of the velocity at fx , but it also equals the square 

of the object’s speed vf at fx . That’s because fv x is equal to fv+  if the object is moving in 
the positive x direction and equal to f−v  if moving in the negative x direction. In either 
case, f

2
f
2v vx = . For the same reason i

2
i
2=v vx , where vi is the object’s speed at ix . So we 

can rewrite Equation 6-3 as

TAKE- HOME MESSAGE FOR Section 6-2
✔ If a force acts on an object that undergoes a displacement, 
the force can do work on that object.

✔ For a constant force and straight- line displacement, 
the amount of work done equals the displacement 
multiplied by the component of the force parallel to that 
displacement.

✔ Whether the work done is positive, negative, or zero 
depends on the angle between the direction of the force and 
the direction of the displacement.

✔ If one object does negative work on a second object, the 
second object must do an equal amount of positive work on 
the first object.

GOT THE CONCEPT? 6-1 Work: Positive, Negative, or Zero?
For each of the following cases, state whether the 
work you do on the baseball is positive, negative, or 
zero. (a) You catch a baseball and your hand moves 

backward as you bring the ball to a halt. (b) You throw a 

baseball. (c) You carry a baseball in your hand as you ride 
your bicycle in a straight, level line at constant speed. (d) You 
carry a baseball in your hand as you ride your bicycle in a 
straight, level line at increasing speed.

Relating speed, acceleration, and 
position for straight- line motion 
with constant acceleration  
(6-4)

Speed at position xf of an object in linear
motion with constant acceleration

Constant acceleration of the object Two positions of the object

Speed at position xi of the object

vf
2 = vi

2 + 2ax (xf  − xi)

In Equation 6-4 f ix x−  is the displacement of the object along the x axis. From 
Equation 6-2, if we multiply this by the x component of the net force on the object, 
∑ Fx — that is, by the net force component in the direction of the displacement — we get 
Wnet, the work done by the net force on the object. (This assumes that the net force on 
the object is constant, which is consistent with our assumption that the object’s accel-
eration is constant.) That is,

( )net f i( )= ∑ −W F x xx (6-5)

Figure 6-10 Deriving the work- 
energy theorem A cart moves 
along a straight line, traveling 
from initial coordinate ix  to 
final coordinate fx . The net force 
is constant, so the cart has a 
constant acceleration ax.

d

1 A cart of mass m rolls 
along a straight line that 
we’ll call the x axis.

3 As the cart moves, a 
constant net force in the
x direction acts on the cart.

2 The cart slides from initial 
position xi to �nal position xf.

xi xf
x

F
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204     Chapter 6  Work and Energy 

Newton’s second law tells us that ∑ =F max x, where m is the mass of the object. 
So we can rewrite Equation 6-5 as

Calculating the work done by a 
constant net force, straight- line 

motion  
(6-6)

Mass of the object
Work done on an object by the
net force on that object

Constant acceleration of the object Displacement of the object

Wnet = max(xf  − xi)

We can get another expression for the quantity ( )f ima x xx −  by multiplying 
Equation 6-4 by 2/m  and rearranging:

1
2

1
2

( )f
2

i
2

f i= + −mv mv ma x xx

( )
1
2

1
2f i f

2
i
2ma x x mv mvx − = −

The left- hand side of this equation is the work done on the object by the net force (see 
Equation 6-6). So

1
2

1
2net f

2
i
2= −W mv mv

The right- hand side of Equation 6-7 is the change in the quantity 1
2

2mv  over the course 
of the displacement (the value at the end of the displacement, where the speed is vf, minus 
the value at the beginning, where the speed is vi). We call this quantity the kinetic energy 
K of the object:

(6-7)

Kinetic energy of a moving object 
(6-8)

Mass of the objectKinetic energy of an object

Speed of the object

1
2

K = mv2

The units of kinetic energy are kg m s2 2/⋅ . Since 1 J 1 N m= ⋅  and 1 N 1 kg m s2/= ⋅ , 
you can see that kinetic energy is measured in joules, the same as work. Using the defi-
nition of kinetic energy given in Equation 6-8, we can rewrite Equation 6-7 as

Kinetic energy of the object
before the work is done on it

Work done on an object by the net force on that object

Kinetic energy of the object
after the work is done on it

Wnet = Kf  − KiThe work- energy theorem  
(6-9)

When an object undergoes a displacement, the work done on it by the net force 
equals the object’s kinetic energy at the end of the displacement minus its kinetic 
energy at the beginning of the displacement. This statement is called the work- energy 
theorem. It is valid as long as the object acted on is rigid — that is, it doesn’t deform 
like a rubber ball might. Although we have derived this theorem for the special case 
of straight- line motion with constant forces, it turns out to be valid even if the object 
follows a curved path and is acted on by varying forces. (We’ll justify this claim later 
in Section 6-5.)
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The Meaning of the Work- Energy Theorem
What is kinetic energy, and how does the work- energy theorem help us solve physics 
problems? To answer these questions let’s first return to the cart from Figure 6-8 and 
imagine that it starts at rest on a horizontal frictionless surface. If you give the cart 
a push as in Figure 6-11a, the net force on the cart equals the force that you exert 
(the upward normal force on the cart cancels the downward gravitational force), so 
the work that you do is the work Wnet done by the net force. The cart starts at rest, 
so 0i =v  and the cart’s initial kinetic energy i

1
2 i

2=K mv  is zero. After you’ve finished 
the push, the cart has final speed f =v v and kinetic energy f

1
2

2=K mv . So the work- 
energy theorem states that

1
2

0
1
2you on cart f i

2 2= − = − =W K K mv mv

This gives us our first interpretation of kinetic energy: An object’s kinetic energy 
equals the work that was done to accelerate it from rest to its present speed.

Now suppose your friend stands in front of the moving cart and brings it to a halt 
(Figure 6-11b). If we apply the work- energy theorem to the part of the motion where 
she exerts a force on the cart, the cart’s initial kinetic energy is i

1
2

2K mv= , and its final 
kinetic energy is 0fK =  (the cart ends up at rest). The net force on the cart is the force 
exerted by your friend, so the work she does equals the net work:

0
1
2

1
2friend on cart f i

2 2= − = − = −W K K mv mv

Our discussion in Section 6-2 tells us that the cart does an amount of work on your 
friend that’s just the negative of the work that your friend does on the cart. So we 
can write

1
2cart on friend friend on cart

2= − =W W mv

This gives us a second interpretation of kinetic energy: An object’s kinetic energy equals 
the amount of work it can do in the process of coming to a halt from its present speed.

Figure 6-11 The meaning of 
kinetic energy We can interpret 
kinetic energy in terms of (a) what 
it takes to accelerate an object 
from rest or (b) what the object 
can do in slowing to a halt.

d
n

w

Fcart on friend

= –Ffriend on cart

Ffriend on cart

d
n

w

Fyou on cart

1 The cart rolls without friction 
and the normal force balances 
the gravitational force.

1 The cart rolls without friction 
and the normal force balances 
the gravitational force.

2 The force you exert therefore equals 
the net force on the cart. You do 
positive work on the cart, and the 
cart gains speed and kinetic energy.

2 The force your friend 
exerts therefore equals the 
net force on the cart. She 
does negative work on the 
cart, and the cart loses 
speed and kinetic energy.

3 As the cart loses 
kinetic energy, it 
pushes on your 
friend and does 
positive work on 
her.

An object’s kinetic energy equals the 
work it can do in the process of coming 
to a halt from its present speed.

An object’s kinetic energy 
equals the work that was 
done to accelerate it from 
rest to its present speed.

(a) Making the cart speed up (b) Making the cart slow down
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206     Chapter 6  Work and Energy 

This should remind you of the general definition of energy as the ability to do 
work, which we introduced in Section 6-1.

You already have a good understanding of this interpretation of kinetic energy. If you 
see a thrown basketball coming toward your head, you know intuitively that due to its 
mass and speed it has a pretty good amount of kinetic energy 1

2
2=K mv , which means 

that it can do a pretty good amount of work on you (it can exert a force on your nose that 
pushes it inward a painful distance). You don’t want this to happen, which is why you duck!

WATCH OUT! Kinetic energy is a scalar.

We’ve become comfortable breaking an object’s motion 
into components, so you might be tempted to resolve 

kinetic energy into components as well. However, kinetic 
energy depends on speed, not velocity. Because speed is not a 
vector, kinetic energy is a scalar quantity and not a vector. It 
wouldn’t be meaningful to set up components of kinetic energy 

in different directions. Note also that we’ve only discussed 
the kinetic energy associated with the motion of an object as 
a whole, which we call translational kinetic energy. Kinetic 
energy is also associated with the rotation of an object around 
its own axis. We’ll return to this rotational kinetic energy in a 
later chapter.

!

Net Work and Net Force
In Equation 6-9 we interpret Wnet as the work done by the net force. But we saw in 
Example 6-3 in Section 6-2 that the work done by the net force equals the sum of the 
amount of work done by each individual force acting on the object. So we can also think of 
Wnet in Equation 6-9 as the net work done by all of the individual forces. It turns out that 
this statement is true not just for the situation in Example 6-3; it applies to all situations.

This gives us a simplified statement of the work- energy theorem: The net work 
done by all forces on an object, Wnet, equals the difference between its final kinetic 
energy Kf and its initial kinetic energy Ki. If the net work done is positive, then f i−K K  
is positive, the final kinetic energy is greater than the initial kinetic energy, and the 
object gains speed. If the net work done is negative, then f iK K−  is negative, the final 
kinetic energy is less than the initial kinetic energy, and the object loses speed. If zero 
net work is done, the kinetic energy does not change, and the object maintains the 
same speed (Table 6-2). This agrees with the observations we made in Section 6-1.

Example 6-4 illustrates how to use the work- energy theorem.

TABLE 6-2 The Work- Energy Theorem

If the net work done on an object is . . .
. . . then the change in the object’s kinetic energy  
K K−−f i is . . . . . . and the speed of the object . . .

0net >W  (positive net work) 0f i− >K K  (kinetic energy increases) increases (object speeds up)

0net <W  (negative net work) 0f i− <K K  (kinetic energy decreases) decreases (object slows down)

0net =W  (zero net work) 0f i− =K K  (kinetic energy stays the same) is unchanged (object maintains the 
same speed)

EXAMPLE 6-4 Up the Hill Revisited
Consider again the box of supplies that you pushed up the incline in Example 6-3 (Section 6-2). Use the work- energy 
theorem to find how fast the box is moving when it reaches your campsite, assuming it is moving uphill at 0 75 m s/.  at 
the bottom of the incline.

Set Up
Our goal is to find the final speed vf of the box. In 
Example 6-3 we were given the weight (and hence the 
mass m) of the box, and we found that the net work 
done on the box is 56 Jnet =W . Since we’re given 

0.75 m si /=v , we can use Equations 6-8 and 6-9 to 
solve for vf.

Work- energy theorem:

–net f iW K K=  (6-9)

Kinetic energy:

1
2

2=K mv  (6-8)

vf = ?

vi = 0.75 m/s

Wnet = 56 J

w = 225 N
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6-4   The work- energy theorem can simplify many physics problems      207

Solve
Use the work- energy theorem to solve for vf in terms 
of the initial speed vi, the net work done Wnet, and 
the mass m. To do this, isolate the 1

2 f
2mv  term on one 

side of the work- energy theorem equation, then solve 
for vf by multiplying through by /2 m and taking the 
square root.

Combine Equations 6-8 and 6-9:

1
2

1
2net f

2
i
2= −W mv mv

1
2

1
2f

2
i
2

net= +mv mv W

= +v v
W
m

2
f
2

i
2 net

= +v v
W
m

2
f i

2 net

From Example 6-3 we know that 56 Jnet =W . We 
find the mass m of the box from its known weight 

225 Nw =  and the relationship =w mg. Use these to 
find the value of vf.

225 N
9 80 m s

23 0 kg2/
= =  

.  
= .  m

w
g

(0 75 m s)
2(56 J)
23 0 kgf

2/= .  +  
.  

v

2 3 m s/= .

Reflect
We could have solved this problem by first finding the net force on the box, then calculating its acceleration from 
Newton’s second law, and finally solving for vf by using one of the kinematic equations from Chapter 2. But using the 
work- energy theorem is easier.

As a check on our result, note that we found in Example 6-3 that the net force on the box is 9.4 N uphill. Can you 
follow the procedure we just described to find the final velocity after moving 6.00 m up the incline?

Example 6-4 illustrates how using the work- energy theorem can simplify problem 
solving. In the following section we’ll see more examples of how to apply this pow-
erful theorem to various cases of straight- line motion. In Section 6-5 we’ll see how 
the work- energy theorem can be applied to problems in which the motion is along 
a curved path and in which the forces are not constant.

TAKE- HOME MESSAGE FOR Section 6-3
✔ The net work done on an object (the sum of the work 
done on it by all forces) as it undergoes a displacement is 
equal to the change in the object’s kinetic energy during that 
displacement.

✔ The formula for the kinetic energy of an object of mass m 
and speed v is 1

2
2=K mv .

✔ The kinetic energy of an object is equal to the amount of 
work that was done to accelerate the object from rest to its 
present speed.

✔ The kinetic energy of an object is also equal to the 
amount of work the object can do in the process of coming to 
a halt from its present speed.

GOT THE CONCEPT? 6-2 Slap Shot
A hockey player does work on a hockey puck to propel it 
from rest across the ice. When a constant force is applied 
over a certain distance, the puck leaves her hockey stick 

at speed v. If instead she wants the puck to leave at speed 2v, 
by what factor must she increase the distance over which she 
applies the same force? (a) 2; (b) 2; (c) 2 2; (d) 4; (e) 8.

6-4 The work- energy theorem can simplify 
many physics problems
In this section we’ll explore the relationships among work, force, and speed by apply-
ing the definitions of work and kinetic energy (Equations 6-2 and 6-8) and the work- 
energy theorem (Equation 6-9) to a variety of physical situations. Even if the problem 
could be solved using Newton’s second law, the work- energy theorem often makes the 
solution easier as well as giving additional insight.
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208     Chapter 6  Work and Energy 

    Strategy: Problems with the Work- Energy Theorem   
 The work- energy theorem is a useful tool for problems that involve an object that 
moves a distance along a straight line while being acted on by constant forces. You 
can use this theorem to relate the forces, the distance traveled (the displacement), and 
the speed of the object at the beginning and end of the displacement. 

 Note that the work- energy theorem makes no reference to the  time  it takes the 
object to move through this displacement. It also makes no reference to the  acceleration
of the object. If the problem requires you to use or find either the time or the accelera-
tion, you should use a different approach. 

Set Up:  Always draw a picture of the situation that shows the object’s displace-
ment. Include a free- body diagram that shows all of the forces that act on the object. 
Draw the direction of each force carefully, since the direction is crucial for determining 
how much work each force does on the object. Decide what unknown quantity the 
problem is asking you to determine (for example, the object’s final speed or the magni-
tude of one of the forces). 

Solve:  Use  Equation 6-2  to find expressions for the work done by each force. The 
sum of the work done by each force is the total or net work done on the object,  W  net . 
Then use  Equations 6-8  and  6-9  to relate this to the object’s initial and final kinetic 
energies. Solve the resulting equations for the desired unknown. 

  Reflect:  Always check whether the numbers have reasonable values and that each 
quantity has the correct units. 

   EXAMPLE   6-5    How Far to Stop?  
 The U.S. National Highway Traffic Safety Administration lists the minimum braking distance for a car traveling at 
  40 0 mi h/.    (64.4 km/h) to be 101 ft (30.8 m). If the braking force is the same at all speeds, what is the minimum braking 
distance for a car traveling at   65 0 mi h/.    (105 km/h)? 

   Set Up     
      The gravitational force, the normal force exerted by 
the road, and the braking force all act on the car. But 
if the road is level, only the braking force does work 
on the car. (The other two forces are perpendicular 
to the displacement, so they do no work because 
  cos 90 0° =Fd   .) We’ll use  Equations 6-2 ,  6-8 , and  6-9  
to relate the initial speed   iv   , the braking force, and the 
distance the car must travel to have the final speed 
be   0f =v   . 

 Work done by a constant force, 
straight- line displacement: 

    cos θ=W Fd    (6-2)  

 Kinetic energy: 

    
1
2

2=K mv    (6-8)  

 Work- energy theorem: 

    net f i= −W K K    (6-9)   

   Solve     
      Since the car ends up at rest, its final kinetic energy is 
zero. So the work- energy theorem tells us that the net 
work done on the car (equal to the work done on it 
by the braking force) equals the negative of the initial 
kinetic energy. 

 Work- energy theorem with 
final kinetic energy equal to 
zero: 

    = − = −0
1
2net i i

2W K mv     

n

FbrFbrF akingakingakingbrakingbr

mg

d

d

viviv
v = v = v 0

 The braking force of magnitude  F  braking  is directed 
opposite to the displacement, so   180θ = °   in the 
expression for the work  W  braking  done by this force. 

   Net work work done by the braking force:=    
    net braking=W W     

    cos 180 –braking braking= ° =F d F d    

 Substitute   net braking= −W F d   into the work- energy 
theorem and solve for the braking distance  d . The 
result tells us that  d  is proportional to the square of 
the initial speed   iv   . 

 Work- energy theorem becomes 

    
1
2braking i

2− = −F d mv     

 Solve for  d : 

    
2

i
2

braking
=d

mv
F
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6-4   The work- energy theorem can simplify many physics problems      209

 We aren’t given the mass  m  of the car or the mag-
nitude  F  braking  of the braking force, but we can 
set up a ratio between the values of distance for 
  40 0 mi hi1 /= .  v    and   65 0 mi hi2 /= .  v   . 

 Use this expression to set up a ratio for the value of  d  at two 
different initial speeds. The mass of the car and the braking 
force are the same for both initial speeds: 

    
/

/

2

2
2

1

i2
2

braking

i1
2

braking

i2
2

i1
2

d
d

mv F

mv F

v

v
= =     

 Solve for the stopping distance   2d    corresponding 
to   65 0 mi hi2 /= .v   : 

    
/
/

(101 ft)
65 0 mi h
40 0 mi h2 1

i2
2

i1
2

2

d d
v

v
= =  .  

.  






    

    267 ft 81.3 m= =      

   Reflect  
 This example demonstrates what every driver training course stresses: The faster you travel, the more distance you 
should leave between you and the car ahead in case an emergency stop is needed. Increasing your speed by 62.5% (from 
40.0 to   /65 0 mi h.   ) increases your stopping distance by 164% (from 101 to 267 ft). The reason is that stopping distance 
is proportional to kinetic energy, which is proportional to the  square  of the speed.  

   EXAMPLE   6-6    Work and Kinetic Energy: Force at an Angle  
 At the start of a race, a four- man bobsleigh crew pushes their sleigh as fast as they 
can down the 50.0-m straight, relatively flat starting stretch (  Figure 6-12   ). The net 
force that the four men together apply to the 325-kg sleigh has magnitude 285 N 
and is directed at an angle of   20.0°   below the horizontal. As they push, a 60.0-N 
kinetic friction force also acts on the sleigh. What is the speed of the sleigh right 
before the crew jumps in at the end of the starting stretch?   

   Set Up     
      Again we’ll use the work- energy theorem, this time to 
determine the final speed  v  f  of the bobsleigh (which 
starts at rest, so its initial speed is   0i =v   ). The normal 
force and gravitational force do no work on the sleigh 
since they act perpendicular to the displacement. The 
four men of the crew do positive work, while the 
friction force does negative work. The new wrinkle 
is that the force exerted by the crew points at an 
angle to the displacement. We’ll deal with this using 
 Equation 6-2 . 

 The sleigh gains speed and kinetic energy during 
the motion, so the net work done by friction and by 
the crew must be positive. 

 Work done by a constant force, 
straight- line displacement: 

    cos θ=W Fd    (6-2)  

 Kinetic energy: 

    
1
2

2=K mv    (6-8)  

 Work- energy theorem: 

    net f i= −W K K    (6-9)   

   Solve     
      The sleigh starts at rest, so its initial kinetic energy is 
zero. From  Equation 6-9  the net work done on the 
sleigh is therefore equal to its final kinetic energy, 
which is related to the final speed  v  f . 

 Work- energy theorem with 
initial kinetic energy equal 
to zero: 

    0
1
2net f f

2= − =W K mv     

     Figure   6-12       Bobsleigh start  The success of a bobsleigh team depends on the team 
members giving the sleigh a competitive starting speed.     sa
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210     Chapter 6  Work and Energy 

 The force of the crew is at   20.0θ = °   to the 
displacement, and the friction force is at   180θ = °  . Use 
these in  Equation 6-2  to find the net work done on 
the sleigh. (Note that the net work is positive, as we 
predicted.) 

Net work work done by the crew plus work done by friction=

net crew frictionW W W= +
cos 20.0 cos 180crew k= ° + °F d f d

(285 N)(50.0 m)(0.940)=
+ −(60.0 N)(50.0 m)( 1)

1.04 10 J4= ×

 Substitute  W  net  into the work- energy theorem and 
solve for the final speed  v  f . 

 Work- energy theorem says   
1
2net f

2W mv=    

 Solve for  v  f :   
2 2(1 04 10 J)

325 kgf
net

4

= = . ×  
v

W
m

   

     8 00 m s/= .      

   Reflect  
 This answer for  v  f  is relatively close to the speed of world- class sprinters, so it seems reasonable. In reality the start of an 
Olympic four- man bobsleigh race is slightly downhill, so the sleigh’s speed at the end of the starting stretch is typically 
even faster (11 or   12 m s/   ).  

   EXAMPLE   6-7    Find the Work Done by an Unknown Force  
 An adventurous parachutist of mass 70.0 kg drops from the top of a tall waterfall. The parachutist deploys his chute 
after falling 295 m, at which point her speed is   54 0 m s/.   . During the 295-m drop, (a) what was the net work done on her 
and (b) what was the work done on her by the force of air resistance? 

   Set Up     
      We are given the parachutist’s mass and the distance 
that she falls, so we can find the gravitational force 
that acts on her and the work done by that force using 
 Equation 6-2 . But the force of air resistance also acts 
on the parachutist. We don’t know its magnitude, 
so we can’t directly calculate the work done by air 
resistance. Instead, we’ll use the work- energy theorem. 
We’ll assume that the parachutist starts at rest, so her 
initial kinetic energy is zero. 

 Work done by a constant force, 
straight- line displacement: 

    cos θ=W Fd    (6-2)  

 Work- energy theorem: 

    net f i= −W K K    (6-9)  

 Kinetic energy: 

    
1
2

2=K mv    (6-8)   

   Solve     
      (a) Since   0i =K   ,  Equation 6-9  says that the net work 
done on the parachutist is just equal to her final 
kinetic energy. 

    
1
2net f f

2W K mv= =     

    
1
2

(70 0 kg)(54 0 m s)2/= . .      

    1.02 10 J5= ×     

FairFairF

mg

d

d = 295 d = 295 d m

viviv  = 0

vfvfv  = 54.0 m/sf = 54.0 m/sf
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6-5 The work- energy theorem is also valid  
for curved paths and varying forces
We’ve derived the work- energy theorem only for the special case of straight- line 
motion with constant forces. Since we already know how to solve problems for that 
kind of motion, you may wonder why this theorem is important. Here’s the answer: 
The work- energy theorem also works for motion along a curved path and in cases 
where the forces are not constant (Figure 6-13a).

To prove this, consider Figure 6-13b, which shows an object’s curved path from an 
initial point i to a final point f. We mark a large number N of equally spaced intermedi-
ate points 1, 2, 3, . . . , N along the path and imagine breaking the path into short seg-
ments (from i to 1, from 1 to 2, from 2 to 3, and so on). If each segment is sufficiently 
short, we can treat it as a straight line. Furthermore, the forces on the object don’t 
change very much during the brief time the object traverses one of these segments, so 
we can treat the forces as constant over that segment. (The forces may be different from 

(b) The net work is the sum of the work done by the 
gravitational force, Wgrav, and the work done by air 
resistance, Wair. Hence Wair is the difference between 
Wnet and Wgrav.

Work done by the gravitational force: Displacement is in the 
same direction (downward) as the force, so

grav =W mgd
(70.0 kg)(9.80 m s )(295 m)2/=
2.02 10 J5= ×

Hence the work done by air resistance is

air net grav= −W W W
1.02 10 J 2.02 10 J5 5= × − ×
–1.00 10 J5= ×

Reflect
The work done by the force of air resistance is 
negative because the force is directed upward, 
opposite to the downward displacement. We can use 
the calculated value of Wair to find an average value 
of the air resistance force, considered to be a constant. 
This is only an average value because this force is not 
constant: The faster the parachutist falls, the greater 
the force of air resistance.

Average upward force of air resistance:

cos 180air air air= ° = −W F d F d

Hence

( 1 00 10 J)
295 mair

air
5

= − = − − . ×
 

F
W

d
339 J m 339 N/=  =  

GOT THE CONCEPT? 6-3 Pushing Boxes
You push two boxes from one side of a room to the 
other. Each box begins and ends at rest. The contact 
surfaces and areas between box and floor are the same 

for both, but one box is heavy while the other is light. There 
is friction between each box and the floor. (a) How does the 
work you do on each box compare? (i) You do more work 

on the heavy box. (ii) You do more work on the light box. 
(iii) You do the same amount of work on both boxes. (b) How 
does the net work done on each box compare? (i) There is 
more net work on the heavy box. (ii) There is more net work 
on the light box. (iii) There is the same net work on both 
boxes.

TAKE- HOME MESSAGE FOR Section 6-4
✔ The work- energy theorem allows us to explore the 
relationship between force, distance, and speed in a variety of 
physical situations.

✔ To solve problems using the work- energy theorem, 
begin by drawing a free- body diagram that shows all 

the forces that act on the object in question. Then write 
expressions for the kinetic energies at the beginning and 
end of the displacement and for the total work done on the 
object (the sum of the work done by each force). Relate 
these using the work- energy theorem and solve for the 
unknown quantity.
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212     Chapter 6  Work and Energy 

one segment to the next.) Since each segment is a straight line with constant forces, we 
can safely apply the work- energy theorem in Equation 6-9 to every segment:

net, i to 1 1 i= −W K K

net, 1 to 2 2 1= −W K K

net, 2 to 3 3 2= −W K K

. . .

net, to f f= −W K KN N

Now add all of these equations together:

�
�( ) ( ) ( ) ( )

net, i to 1 net, 1 to 2 net, 2 to 3 net, to f

1 i 2 1 3 2 f

W W W W
K K K K K K K K

N

N

+ + + +
= − + − + − + + −

 

The left- hand side of Equation 6-10 is the sum of the amounts of work done by the 
net force on each segment. This sum equals the net work done by the net force along 
the entire path from i to f, which we call simply Wnet. On the right- hand side of the 
equation, 1K−  in the second term cancels K1 in the first term, 2K−  in the third term 
cancels 2K  in the second term, and so on. The only quantities that survive on the 
right- hand side are iK−  and Kf, so we are left with

net f i= −W K K

This is exactly the same statement of the work- energy theorem as Equation 6-9. So 
the work- energy theorem is valid for any path and for any forces, whether constant or 
not. This is why the work- energy theorem is so important: You can apply it to situa-
tions where using forces and Newton’s laws would be difficult or impossible.

Work Done by the Gravitational Force
One of the forces acting on the weight in Figure 6-13a as it follows a curved path is the 
gravitational force. Since gravity plays a role in so many physics problems, it’s import-
ant to answer the question, “How much work does the gravitational force do on an 
object that follows a curved path?” As we’ll see, the answer turns out to be quite simple.

In Figure 6-14a an object of mass m travels along a curved path from an initial 
position i=x x , i=y y  to a final position f=x x , f=y y . (We take the x axis to be hori-
zontal and choose the positive y direction to be upward as shown.) The gravitational 
force � �=w gm  that Earth exerts on the object remains constant as the object moves: 

(6-10)

Figure 6-13 Motion along a curved path  
(a) The weight travels in a curved path during 
the bicep curl. (b) Analyzing motion along a 
general curved path.

i

f

N

1

4

3

2

N–1

A weight lifter doing bicep 
curls makes the weight 
move through a curved 
path. The force that he 
exerts on the weight varies 
during its travel.

An object’s curved path from an 
initial point i to a �nal point f. We 
mark a large number N of equally 
spaced intermediate points 1, 2, 3, 
. . . , N along the path and imagine 
breaking the path into short 
segments (from i to 1, from 1 to 2, 
from 2 to 3, . . .).(a) (b)
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6-5   The work- energy theorem is also valid for curved paths and varying forces      213

It always points downward in the negative y direction and always has the same mag-
nitude =w mg. As we did for the path of the object in Figure 6-13b, we break this 
object’s path into many small segments, each of which is short enough that we can 
regard it as a straight line. Figure 6-14b shows a closeup of one such segment, during 
which the object moves through a small displacement 

�
∆d. (The displacement vector �

∆d  is different for each individual segment.) As Figure 6-14b shows, the displacement 
vector is at an angle φ with respect to the horizontal x axis, so the angle between the 
downward gravitational force �w  and the displacement 

�
∆d  is 90θ φ= + °. Using Equa-

tion 6-2, the small amount of work that the force � �=w gm  does during the small dis-
placement 

�
∆d  is

θ φ∆ = ∆ = ∆ + °  cos cos( 90 )gravW w d mg d

We know from trigonometry that φ φ φ+ ° = ° − °cos( 90 ) cos cos 90 sin sin 90  
(see Table M-2 in the Math Tutorial at the back of this book). Since cos 90 0° =  and 
sin 90 1° = , this simplifies to cos( 90 ) sinφ φ+ ° = − . Hence Equation 6-11 becomes 
  singrav φ∆ = − ∆W mg d . But as Figure 6-14b shows, sin φ∆d  is equal to ∆y, the y com-
ponent of the displacement 

�
∆d  over this short segment. So we can rewrite Equa-

tion 6-11 for the small work done by the gravitational force over this short segment as

  grav∆ = − ∆W mg y

Equation 6-12 agrees with our discussion of work in Section 6-2: The work done 
by the constant gravitational force equals the force w multiplied by the component of 
displacement y−∆  in the direction of the force. (The minus sign is there because the 
force is in the negative y direction.) If the object moves upward over the segment, as in 
Figure 6-14b, y∆  in Equation 6-12 is positive and the gravitational force does negative 
work gravW∆  (the force is downward but the displacement is upward); if the object 
moves downward over the segment, y∆  is negative and the gravitational force does 
positive work gravW∆  (the force and displacement are both downward).

We can now find how much work the gravitational force does on the object over 
the entire curved path shown in Figure 6-14a. If there are N segments of this path 
numbered = 1,2,3, . . . ,t N, over each of these segments the y component of displace-
ment is , , , . . . ,1 2 3y y y yN∆ ∆ ∆ ∆ . From Equation 6-12 the work done by the gravita-
tional force over each of these segments is , , , . . . ,1 2 3mg y mg y mg y mg yN− ∆ − ∆ − ∆ − ∆ . 

(6-11)

(6-12)

Figure 6-14 Calculating the work done by the gravitational force No matter what the 
shape of the curved path that an object follows, the work done on the object by the 
gravitational force just depends on the object’s net vertical displacement.

y

x

1

(a) (b)

Initial: (xi,yi)

Final: (xf,yf)

3

2As an object moves along a curved path, 
the gravitational force w = mg that acts on 
it has the same magnitude w = mg and the 
same downward direction at all points 
along the path. The net vertical 
displacement on this path is yf – yi.

The work done on the object by the gravitational force during a segment of the path depends on the 
vertical component ∆y of the displacement, not the horizontal component. The same is true for the 
work done by the gravitational force over the entire curved path: It depends only on the net vertical 
displacement yf – yi, not on the horizontal displacement or the shape of the path. 

yf – yi
∆d

∆y = ∆d sin f

∆x = ∆d cos f

q = f + 90°

f

w

Look at a closeup of one segment of the curved path that’s short enough to regard 
as a straight line. The displacement ∆d on this segment is at an angle f with respect 
to the x axis, has x component ∆x = ∆d cos f, and has y component ∆y = ∆d sin f.

w w
w

w

w

w = mg

The angle between the gravitational force w 
and the displacement ∆d is q = f + 90°, so 
the work done by the gravitational force 
during this segment is ∆Wgrav = mg∆d cos q
= mg∆d cos (f + 90°). Trigonometry shows 
this is equal to ∆Wgrav = –mg∆y. 
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214     Chapter 6  Work and Energy 

The net amount of work   gravW    done over the entire path is the sum of the work done 
over all of the segments: 

= − ∆ + − ∆ + − ∆ + + − ∆
= − ∆ + ∆ + ∆ + + ∆

  ( ) ( ) ( ) ( )
( )

grav 1 2 3

1 2 3

�
�

W mg y mg y mg y mg y
mg y y y y

N

N

 In  Equation 6-13  the sum   1 2 3 �∆ + ∆ + ∆ + + ∆y y y yN   is the  total  vertical displacement 
of the object over the curved path. From  Figure 6-14a  this equals   f i−y y   , the dif-
ference between the final and initial   y   coordinates of the object. So we can rewrite 
 Equation 6-13  as           

(6-13)

Work done by the gravitational force on an 
object as the object follows a curved path

Mass of 
the object

Acceleration 
due to gravity

Final y coordinate of the object 
at the end of the path

Initial y coordinate of the object 
at the beginning of the path

Wgrav = −mg(yf  − yi)

  Work done by the gravitational 
force 

(6-14)

  Equation 6-14  says something quite remarkable: The work done on an object by 
the gravitational force depends only on the object’s vertical displacement   f i−y y   , not on 
the shape of the path that the object follows. This observation helps makes it possible 
to apply the work- energy theorem to situations that would be very difficult to analyze 
using Newton’s laws alone, as the following example shows. 

   EXAMPLE   6-8    A Swinging Spider  
   Figure 6-15    shows a South African kite spider ( Gasteracantha ) swinging on 
a strand of spider silk. Suppose a momentary gust of wind blows on a spider of 
mass   1.00 10 4× −    kg (0.100 g) that’s initially hanging straight down on such a 
strand. As a result, the spider acquires a horizontal velocity of   1 3 m s/.    . How high 
will the spider swing? Ignore air resistance.   

   Set Up     
      Because the spider follows a curved path, this would 
be a very difficult problem to solve using Newton’s 
laws directly. Instead, we’ll use the work- energy 
theorem. We are given the spider’s mass  m  and 
initial speed   1 3 m si /= .  v    (which means we know its 
initial kinetic energy). We want to find its maximum 
height  h  at the point where the spider comes momen-
tarily to rest (so its speed and kinetic energy are zero) 
before swinging back downward. 

 The free- body diagram shows that only two 
forces act on the swinging spider: the gravitational 
force and the tension force exerted by the silk. 
We’ll use  Equation 6-14  for the work done by the 
gravitational force. To calculate the work done 
on the spider by the tension force, we’ll break the 
curved path into a large number of segments as in 
 Figures 6-13  and  6-14 . 

 Work- energy theorem: 

    net f i= −W K K    (6-9)  

 Kinetic energy: 

    
1
2

2K mv=    (6-8)  

 Work done by a constant force, 
straight- line displacement: 

    cos θ=W Fd    (6-2)  

 Work done by the gravitational 
force: 

    ( )grav f i= − −W mg y y    (6-14)   

     Figure   6-15       A spider swinging on silk  If we know the spider’s speed at the low point 
of its arc, how do we determine how high it swings?     E
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6-5   The work- energy theorem is also valid for curved paths and varying forces      215

   Solve     
              Rewrite the work- energy theorem in terms of the ini-
tial and final speeds of the spider and the work done 
by each force. Use  Equation 6-14  to find the work 
done by the gravitational force. 

 Combine  Equations 6-9  and  6-8 : 

1
2

1
2net f

2
i
2= −W mv mv

 Net work is the sum of the work 
done by the tension force  T  and 
the work done by the gravitational 
force: 

net grav= +W W WT

 The final speed of the spider at the 
high point of its motion is   0fv =   , so 
the work- energy theorem becomes 

1
2grav i

2W W mvT+ = −

 The initial and final   y   coordinates of the spider are   0iy =    and 
fy h=   , so the work done by gravity is 

= − − = −( 0)gravW mg h mgh

xi = 0
yiyiy  = 0

xfxfx
yfyfy  = f = f h

 To calculate the work done by the tension force 
along the spider’s curved path, break the path 
up into segments so short that each one can be 
considered as a straight line. On each segment of 
the path the tension force   

�
T    points radially inward, 

perpendicular to the path and hence perpendicular to 
the displacement   

�
∆d   . Hence   90θ = °   in  Equation 6-2 , 

which means that the tension force does  no  work 
during this displacement. 

 Work done by the tension 
force as the spider moves 
through a short segment of 
its path: 

cos 90 0∆ = ∆ ° =W T dT

 This is true for each short 
segment of the path. So the 
net work done by the tension 
force over the entire path is 

0=WT

T

Angle between T and T and T ∆d : u = 90°

mg

∆d
i

f

 Substitute the expressions for   gravW    and  W   T   into the 
work- energy theorem and solve for  h . 

 Work- energy theorem: 

0
1
2grav i

2+ = − + = −W W mgh mvT

2
(1 3 m s)

2(9 80 m s )
0 086 m 8 6 cmi

2 2

2

/
/

= = .  
.  

= .  = .  h
v
g

   Reflect     
      The maximum height reached is the  same  as if 
the spider had initially been moving  straight up  at 
1 3 m s/.     without being attached to the silk. In both 
cases the gravitational force does the same amount of 
(negative) work to reduce the spider’s kinetic energy 
to zero. 

 The tension force in this problem is complicated 
because its magnitude and direction change as the 
spider moves through its swing. But in the work- 
energy approach we don’t have to worry about 
the tension force at all because it does no work 
on the spider. 

 If the spider is initially 
moving straight up: 

1
2

1
2

0
1
2

2
8 6 cm

net f
2

i
2

grav i
2

i
2

= −

= − = −

= = .  

W mv mv

W mgh mv

h
v
g

vi = 1.3 m/s

vi = 1.3 m/s

h = 8.6 cm

h = 8.6 cm
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216     Chapter 6  Work and Energy 

Example 6-8 illustrates an important point: If a force always acts perpendicular to 
an object’s curved path, it does zero work on the object. This enabled us to ignore the 
effects of the tension force. We’ll use this same idea again in Section 6-6.

Work Done by a Varying Force
In Example 6-8 the tension force acting on the spider varied in magnitude but did no 
work (because it acts perpendicular to the spider’s displacement). In many situations, 
however, a force of variable magnitude does do work on an object. As an example, you 
must do work to stretch a spring. The force you exert to do this is not constant: The 
farther you stretch the spring, the greater the magnitude of the force you must exert. 
How can we calculate the amount of work that you do while stretching the spring?

To see the answer let’s first consider a constant force F that acts on an object in 
the direction of its straight- line motion. Figure 6-16 shows a graph of this force versus 
position as the object undergoes a displacement d. The area shown as a colored rect-
angle under the graph of force versus position equals the height of the rectangle (the 
force F) multiplied by its width (the displacement d). But the area Fd is just equal to 
the work done by the constant force. So on a graph of force versus position, the work 
done by the force equals the area under the graph.

Let’s apply this “area rule” to the work that you do in stretching a spring. Experi-
ment shows that if you stretch a spring by a relatively small amount, the force that the 
spring exerts on you is directly proportional to the amount of stretch (Figure 6-17). We 
can write this relationship, known as Hooke’s law, as

Hooke’s law for the force exerted 
by an ideal spring  

(6-15)
Extension of the spring (x > 0 if spring is stretched, x < 0 if spring is compressed)

Spring constant of the spring (a measure of its stiffness)Force exerted by an ideal spring

Fx = −kx

Figure 6-16 The “area rule” for 
work Finding the work done by a 
constant force using a graph of 
force versus position.

x
x x + d

F

Fx

Work done by a constant force along 
direction of motion = Fd = area 
under graph of force versus position.

Figure 6-17 Hooke’s law If you 
stretch an ideal spring, the force 
that it exerts on you is directly 
proportional to its extension.

If you double the
distance that you
stretch the spring,
the force doubles.

d

2d

F

2F

If you stretch the
spring a distance d,
it exerts a force F
on you.

Relaxed spring

Figure 6-18 Applying the “area rule” 
to an ideal spring We can use the same 
technique as in Figure 6-16 to find the 
work required to stretch a spring.

x
x1 x2

kx2

kx1

F

Area under curve = work you do
to stretch spring from x1 to x2.

The minus sign in Equation 6-15 means that the force that the spring exerts on 
you is in the direction opposite to the stretch. If you pull one end of the spring in the 
positive x direction so 0>x , the spring pulls back on you in the negative x direction. 
(As we will see below, Hooke’s law also describes situations in which the spring is com-
pressed rather than stretched.) The quantity k, called the spring constant, measures the 
stiffness of the spring: The greater the value of k, the stiffer the spring. If the force is 
measured in newtons and the extension in meters, k has units of N/m.

Equation 6-15 gives the force that the spring exerts on you as you stretch it. By 
Newton’s third law, the force that you exert on the spring has the same magnitude but 
the opposite direction. So the x component of the force you exert has the opposite sign 
to the force in Equation 6-15:

(6-16) (force that you exert on the spring)you on spring = +F kx,x  

Stretching the spring means 0x > , and to do this you must exert a force in the same 
direction. So 0you on spring, >F x  if > 0x , which is just what Equation 6-16 tells us.

Figure 6-18 graphs the force that you exert as a function of the distance x that 
the spring has been stretched. If the spring is initially stretched a distance 1x  and you 
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stretch it further to   2x   , the work  W  that you do is equal to the area of the colored 
trapezoid in  Figure 6-18 . From geometry, this area is equal to the  average  height of the 
graph multiplied by the width   –2 1x x   . Using  Equation 6-16 , we find 

(force you exert at ) (force you exert at )
2

( )1 2
2 1W

x x
x x= +  





−

( )
2

( )
1
2

( )( )1 2
2 1 1 2 2 1= + − = + −kx kx

x x k x x x x

 We can simplify this to            

   Go to Picture It 6-1 for more 
practice dealing with springs  . 

Work done to stretch a spring 
(6-17)  

1
2

W = 1
2

kx2
2 − kx1

2

x1 = initial stretch of the spring
x2 = �nal stretch of the spring

Work that must be done on a spring
to stretch it from x = x1 to x = x2

Spring constant of the spring
(a measure of its stiffness)

  Example 6-9  shows how to use  Equation 6-17  to attack a problem that would 
have been impossible to solve with the force techniques from  Chapters 4  and  5 .    

WATCH OUT! Who’s doing 
the work?  

   Note that  Equation 6-17  
tells us the work that  you  do 

on the  spring . The work that the 
 spring  does on  you  is equal to the 
negative of  Equation 6-17 . 

!

   EXAMPLE   6-9    Work Those Muscles!  
 An athlete stretches a set of exercise cords 47 cm from their unstretched length. The cords behave like a spring with 
spring constant   860 N m/   . (a) How much force does the athlete exert to hold the cords in this stretched position? 
(b) How much work did he do to stretch them? (c) The athlete loses his grip on the cords. If the mass of the handle is 
0.25 kg, how fast is it moving when it hits the wall to which the other end of the cords is attached? (You can ignore 
gravity and assume that the cords themselves have only a small mass.) 

   Set Up     
      In part (a) we’ll use  Equation 6-16  to find the force 
that the athlete exerts, and in part (b)  Equation 6-17  
will tell us the work that he does. In part (c) we’ll see 
how much work the  cords  do as they go from being 
stretched to relaxed. This work goes into the kinetic 
energy of the handle. We’re ignoring the mass of 
the cords and therefore assuming that they have no 
kinetic energy of their own. 

    athlete on cords,F kxx = +    (6-16)  

    
1
2

1
22

2
1
2W kx kx= −    (6-17)  

    net f iW K K= −    (6-9)  

    
1
2

2K mv=    (6-8)   

   Solve     
      (a) The force that the athlete exerts is proportional 
to the distance   47 cmx =    that the cords are 
stretched. 

 Force exerted by the athlete 
to hold the cords stretched: 

    athlete on cords = +F kx,x     

    (860 N m)(47 cm)
1 m

100 cm
/=    

 




    

    4.0 10 N2= ×     

relaxed

47 cm

released

stretched

vfvfv  = f = f ?

FcoFcoF rds on athlete Fathlete on coFathlete on coF rds
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218     Chapter 6  Work and Energy 

Reflect
A common incorrect way to approach part (b) is 
to use the formula for the work done by a constant 
force: Multiply the force needed to hold the cords 
fully stretched by the cords’ displacement. This gives 
the wrong answer because the force needed to pull 
the cords is not constant.

Notice that the amount of work that the athlete 
does to stretch the cords (95 J) is the same as the 
amount of work that the cords do on the handle 
when they relax. This suggests that the athlete stores 
energy in the cords by stretching them. We’ll explore 
this idea in Section 6-6 as we introduce a new kind 
of energy, called potential energy.

Incorrect way to calculate work that the athlete does on the 
cords:

(4.0 10 N)(0.47 m) 190 Jathlete on cords
2= = × =W F dx

(actual value: 95 Jathlete on cords =W )

(b) The cords are not stretched at all to start 
(so 01x = ) and end up stretched by 47 cm 
(so 47 cm 0.47 m2 = =x ).

Work done by the athlete to stretch the cords:

1
2

1
2athlete on cords 2

2
1
2W kx kx= −

1
2

(860 N m)(0 47 m)
1
2

(860 N m)(0 m)2 2/ /=  . −  

95 N m 95 J=  ⋅ =

(c) When the athlete releases the handle, the cords 
relax from their new starting position ( 0.47 m1 =x )  
to their final, unstretched position ( 02x = ). The 
work that the cords do on the handle is given by the 
negative of Equation 6-17.

Work done by the cords on the handle as they relax:

cords on handleW

1
2

1
22

2
1
2kx kx= − −





= −   − .





1
2

(860 N m)(0 m)
1
2

(860 N m)(0 47 m)2 2/ /

( 95 N m) 95 J= − − ⋅ =  

We’ll ignore the force of gravity (that is, we assume 
the handle flies back horizontally and doesn’t fall). 
Then the net work done on the handle equals the 
work done by the cords. This is equal to the change 
in the handle’s kinetic energy. Use this to find the 
handle’s speed when the cords are fully relaxed.

Net work done on handle:

95 Jnet cords on handle= =W W

Work- energy theorem applied to handle:

1
2

1
2net f i f

2
i
2= − = −W K K mv mv

Handle is initially at rest, so 0iv = . Solve for final speed of the 
handle:

= =  

=

= =
.

= /

1
2

95 J

2

2 2(95 J)
0 25 kg

28 m s

f
2

net

f
2 net

f
net

mv W

v
W
m

v
W
m

More on Hooke’s Law and Its Limitations
The spring in Figure 6-17 exerts a force when it is stretched. A spring also exerts 
a force when it is compressed (Figure 6-19a). One example is a car’s suspension, 
whose springs compress as you load passengers and luggage into the car. The force 
that an ideal spring exerts when compressed is given by Equation 6-15, = −F kxx , the 
same equation that describes the force exerted by a stretched spring (Figure 6-19b). 
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6-5   The work- energy theorem is also valid for curved paths and varying forces      219

The only difference is that x is negative if the spring is compressed. Hence if you com-
press the spring (push its end in the negative x direction), the spring pushes back on 
you in the positive x direction.

Like Equation 6-15, Equation 6-17 is also valid when a spring is compressed. If 
a spring with spring constant 1000 N m/=  k  is initially relaxed (so 01 =x ) and you 
stretch it by 20 cm (so 20 cm 0.20 m2 = + = +x ), the work that you do is

/
1
2

1
2

(0)
1
2

(1000 N m)(0 20 m) 20 J2
2 2 2W kx k= − =  .  =  

The work that you do to compress the same spring by 20 cm (so 20 cm2 = − =x  
0.20 m− ) is

1
2

1
2

(0)
1
2

(1000 N m)( 0 20 m) 20 J2
2 2 2/= − =  − .  =  W kx k

So you have to do positive work to compress a spring as well as to stretch it.
Hooke’s law and Equations 6-15, 6-16, and 6-17 are only approximate descrip-

tions of how real springs, elastic cords, and tendons behave. As an example,  Figure 6-20 
is a graph of the force needed to stretch a human patellar tendon (which connects the 
kneecap to the shin). The curve isn’t a straight line, which means that the force isn’t 
directly proportional to the amount of stretch. The force you have to apply to the 
tendon is also greater when you stretch than when you let it relax. What’s more, the 

B i o M e d i c a l

Figure 6-19 Compressing and 
stretching an ideal spring Hooke’s 
law, F kxx = − , applies equally well 
to an ideal spring whether it is 
(a) compressed or (b) stretched.

(a) A compressed spring (x < 0)
 pushes in the +x direction.

(b) A stretched spring (x > 0)
 pulls in the –x direction.

Force exerted
by a spring:
Fx = –kx

Fby spring

x

x < 0

Fby spring

x

x > 0

Fx

x
0

Te
nd

on
 f

or
ce

 (
N

)

Tendon elongation (mm)

Pre-training stretching

0

4000

3500

3000

2500

2000

1500

1000

500

0
54321

Pre-training relaxing

Post-training stretching

Post-training relaxing

Figure 6-20 Tendons are not 
ideal springs This graph of force 
versus extension for a human 
patellar tendon is very different 
from that for an ideal spring 
(compare to Figure 6-19). The 
graph is not a straight line; there 
is a different graph for relaxing 
than for stretching the tendon; 
and the graph for tendons that 
have undergone exercise (square, 
red data points) is different from 
that for tendons that have not 
(circular, green data points).
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220     Chapter 6  Work and Energy 

tendon can change its properties: The two sets of curves in Figure 6-20 are for males 
in their 70s before and after a 14-week course of physical training, which caused the 
patellar tendon to become much stronger and stiffer.

It’s nonetheless true that Hooke’s law is a useful approximation for the behavior 
of many materials when stretched or compressed, provided the amount of stretch or 
compression is small. We’ll use this law in the next section.

Figure 6-21 Potential energy 
The barbell in this photo is at rest 
and so has zero kinetic energy. 
But it has the potential to acquire 
kinetic energy if the weight 
lifter should drop it. So there is 
potential energy in this situation, 
a kind we call gravitational 
potential energy.

Pa
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d
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u
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GOT THE CONCEPT? 6-4 Double the Work
In Example 6-9 the athlete did 95 J of work to stretch 
the exercise cords by 47 cm. How far would he 
have to stretch the cords to do double the amount 

of work (2 95 J 190 J× = )? (a) 2 47 cm 66 cm×  =  ; 
(b) 2 47 cm 94 cm× = ; (c) 4 47 cm 188 cm× = .

TAKE- HOME MESSAGE FOR Section 6-5
✔ The work- energy theorem applies even when the object 
follows a curved path or the forces that act on the object are 
not constant.

✔ A force that always acts perpendicular to an object’s 
curved path does zero work on the object.

✔ An ideal spring exerts a force proportional to the distance 
that it is stretched or compressed (Hooke’s law). The work 
required to stretch or compress a spring by a given distance is 
proportional to the square of that distance.

6-6 Potential energy is energy related  
to an object’s position
We’ve seen that an object in motion has the ability to do work, as measured by its 
kinetic energy. But a stationary object can also have the ability to do work. An exam-
ple is the barbell in Figure 6-21. When held at rest above the weight lifter’s head, the 
barbell has no kinetic energy. If the weight lifter should drop the barbell, however, 
it will fall to the ground with a resounding crash and leave a dent in the floor. In 
other words, the barbell will exert a downward force on the floor over a distance and 
so will do work. Thus the barbell has the potential to move and to do work simply 
because it’s held so high. We use the term potential energy to refer to an ability to do 
work that’s related to an object’s position.

There are many examples of potential energy in your environment. The spring 
in a mousetrap has the potential to do very destructive work on any mouse foolish 
enough to release the trap. And the positively charged protons in a uranium nucleus, 
which want to push away from each other but are prevented from doing so by the 
strong force between the constituents of the nucleus, have the potential to do work if 
the nucleus is broken apart — a process that provides the energy released in a nuclear 
reactor.

Gravitational Potential Energy
Let’s quantify the amount of gravitational potential energy associated with the bar-
bell in Figure 6-21. If the barbell has mass m and is initially a height h above the 
floor, as it falls its vertical displacement is f i− = −y y h (its y coordinate decreases 
by h). From Equation 6-14, the work done on the barbell as it falls by the gravita-
tional force ( ) ( )grav f i= − − = − − =W mg y y mg h mgh. (This is positive because the grav-
itational force and the displacement are both in the same downward direction.) From 
the work- energy theorem this is equal to the kinetic energy that the dropped barbell 
has just before it hits the floor. (We’re ignoring any effects of air resistance.) So we 
say that the gravitational potential energy (symbol Ugrav) of the Earth– barbell system 
before the barbell was dropped was grav =U mgh, and that this potential energy was 
converted to kinetic energy as the barbell fell. Note that potential energy has units of 
joules, the same as work and kinetic energy.
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6-6   Potential energy is energy related to an object’s position      221

Where did the potential energy come from? To see the answer, consider what hap-
pens as the weight lifter raises the barbell from the floor to a height h (Figure 6-22). 
During the lifting, the barbell begins with zero kinetic energy (sitting on the floor) 
and ends up with zero kinetic energy (at rest above the weight lifter’s head). The net 
change in its kinetic energy is zero, so the net work done on the barbell is also zero. 
Hence the positive work that the weight lifter did to raise the barbell must just 
balance the negative work done by the gravitational force of magnitude mg. 
The vertical displacement of the barbell during the lifting is f iy y h− = +  (its 
y coordinate increases by h), so from Equation 6-14 the work done by grav-
ity is ( ) ( )grav f i= − − = − + = −W mg y y mg h mgh. (This is negative since the down-
ward gravitational force and the upward displacement are in opposite directions. 
From our discussion in Section 6-5, the work done by the gravitational force is 
the same whether the barbell moves straight upward or along the curved path 
shown in Figure 6-22.) Hence the work done by the weight lifter to raise the 
barbell to height h is weight lifter = +W mgh, which is exactly equal to the gravita-
tional potential energy mgh associated with the barbell when it is at height h. 
So the weight lifter is the source of 
the gravitational potential energy. 
We call =U mgh the gravitational 
potential energy since it arises from 
the weight lifter doing work against 
the gravitational force.

Fweight lifter

w = Fgravity

y = 0

h

y

x

WATCH OUT! To what object does gravitational potential energy “belong”?

We’ve been careful not to say, “The barbell has 
gravitational potential energy.” The reason is the 

gravitational potential energy is really a property of the system 
made up of the barbell and Earth (which exerts the gravitational 
force on the barbell). The weight lifter adds potential energy 

to this system by moving the barbell away from Earth. The 
gravitational potential energy mgh would be the same if the 
barbell remained at rest but Earth as a whole were pushed down 
a distance h. You should always be careful to define your system 
when using work and energy to solve problems.

!

Figure 6-22 Adding gravitational potential 
energy The net change in the kinetic energy 
of the barbell as it is raised by the weight 
lifter is zero. The work that he does to lift the 
barbell a height h goes into increasing the 
gravitational potential energy.

In general, if an object of mass m is at a vertical coordinate y, the gravitational 
potential energy is

When the weight lifter in Figure 6-22 raises the barbell (so y increases), the grav-
itational potential energy increases; when he lowers or drops the barbell, y decreases, 
and the gravitational potential energy decreases.

Interpreting Potential Energy
Here’s how the work- energy theorem describes what happens to a dropped object 
in the absence of air resistance: As the object falls, the gravitational force does 
work on it, and this work goes into changing the object’s kinetic energy. In equa-
tion form,

 (only the gravitational force does work)grav f i= ∆ = −W K K K  (6-19)

Now let’s reinterpret this statement in terms of gravitational potential energy and 
generalize to the case in which the object follows a curved path (as would be the case 
if the object were thrown rather than dropped) rather than falling straight down. The 

Gravitational potential energy 
associated with an object  
(6-18)

Mass of the objectGravitational potential energy associated with an object

Height of the objectAcceleration due to gravity

Ugrav = mgy
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222     Chapter 6  Work and Energy 

object in Figure 6-23 moves along a curve from an initial y coordinate iy  to a final 
coordinate fy . As we learned in Section 6-5, as the object moves, the gravitational 
force does an amount of work on it equal to ( )grav f i= − −W mg y y  (Equation 6-14). 
We can rewrite this in terms of the gravitational potential energy as given by Equa-
tion 6-18, grav =U mgy:

(6-20)
 

= − − = − + = − −
= − − = −∆

W mg y y mgy mgy mgy mgy
U U U

( ) ( )
( )

grav f i f i f i

grav,f grav,i grav
 

In other words, the work done by gravity on an object equals the negative of the 
change in gravitational potential energy of the Earth– object system. If an object rises 
as in Figure 6-23, the downward gravitational force does negative work on it and 
the gravitational potential energy of the system increases (its change is positive). If 
an object descends, the downward gravitational force does positive work on it and 
the gravitational potential energy of the system decreases (its change is negative). If 
an object begins and ends its motion at the same height, the gravitational force does 
zero net work on it and there is zero net change in the system’s gravitational poten-
tial energy.

We can now restate the work- energy theorem for any object on which the only 
force that does work is the gravitational force (for example, a falling barbell with-
out air resistance). If we substitute Wgrav from Equation 6-20 into Equation 6-19, 
we get

Go to Interactive Exercise 6-1 
for more practice dealing with 
work, kinetic energy, and 
potential energy.

If the only force that does work on a moving object is the gravitational force...

...then the change in the object's kinetic energy K...
...is equal to the negative of the change in
gravitational potential energy Ugrav.

If K increases, Ugrav decreases and vice versa.

∆K = −∆Ugrav

Change in kinetic energy if only 
the gravitational force does work 

(6-21)

If the object rises, gravitational potential energy increases and kinetic energy 
decreases (the object slows down). If the object descends, gravitational potential 
energy decreases and kinetic energy increases (the object speeds up). From this per-
spective we no longer need to talk about the work done by the gravitational force: 
That’s accounted for completely by the change in the system’s gravitational potential 
energy.

WATCH OUT! The choice of y == 0 for gravitational potential energy doesn’t matter.

The value of grav =U mgy depends on what height  
you choose to be 0=y . But Equation 6-21 shows  

that what matters is the change in gravitational potential 
energy, and that does not depend on your choice of 0=y .  
That’s because the change in gravitational potential 

energy depends only on the difference between the 
initial and final heights, not the heights themselves: 

( )grav f i f i f i∆ = − = − = −U U U mgy mgy mg y y . Example 6-10 
illustrates this important point.

!

yf

yf – yi

y = 0

yi

w = mg

m

m

m

Figure 6-23 Raising an object 
along a curved path The work done 
on the object by the gravitational 
force 

�
w  as it follows this curved 

path between height yi and height 
fy  is W mg y y( )grav f i= − − . This 

equals the negative of the change 
in gravitational potential energy: 

= −∆W Ugrav grav. In the case shown 
here Wgrav is negative (the force is 
downward but the displacement is 
upward), so Ugrav∆  is positive and 
the gravitational potential energy 
increases.
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6-6   Potential energy is energy related to an object’s position      223

   EXAMPLE   6-10    A Ski Jump  
 A skier of mass  m  starts at rest at the top of a ski jump ramp (  Figure 6-24   ). The 
vertical distance from the top of the ramp to the lowest point is a distance  H , 
and the vertical distance from the lowest point to where the skier leaves the 
ramp is  D . The first part of the ramp is at an angle   θ    from the horizontal, and 
the second part is at an angle   φ   .  Derive an expression for the speed of the skier 
when she leaves the ramp. Assume that her skis are well waxed, so that there is 
negligible friction between the skis and the ramp, and ignore air resistance.   

   Set Up     
      The only forces that act on the skier are the gravi-
tational force and the normal force exerted by the 
ramp. The normal force does  no  work on her because 
it always acts perpendicular to the ramp and hence 
perpendicular to her direction of motion. (That’s 
just like the tension force on the swinging spider in 
  Example 6-8  in  Section 6-5 . That force, too, did no 
work.) This means that only the gravitational force 
does work, so we can use  Equation 6-21  for the 
Earth– skier system to calculate the change in the 
 skier’s kinetic energy and hence her final speed  v  f . 

 Change in kinetic energy if only the 
gravitational force does work: 

    – gravK U∆ = ∆    (6-21)  

 Gravitational potential energy: 

    gravU mgy=    (6-18)  

 Kinetic energy: 

    
1
2

2K mv=    (6-8)   

   Solve     
      Let’s take   0y =    to be at the low point of the ramp. The 
skier then begins at rest (  0iv =   ) at   iy H=    and is at 
  fy D=    when she leaves the ramp. Use  Equations 6–8 , 
 6-18 , and  6-21  to solve for  v  f . 

 At starting point: 

    
1
2

0i i
2K mv= =     

    grav,i iU mgy mgH= =     

 At the point where skier 
leaves the ramp: 

    
1
2f f

2K mv=     

    grav,f fU mgy mgD= =     

 Use  Equation 6-21 : 

    grav−∆ = ∆U K  , where  

    grav grav,f grav,i∆ = − = −U U U mgD mgH    

    ( ) ( )= − = − −mg D H mg H D     

 (this is negative since   <D H  ) and 

    f i∆ = −K K K     

    
1
2

0
1
2f

2
f
2= − =mv mv     

 (this is positive since the skier is moving faster at the end of the 
ski jump than at the beginning). So 

    + − =mg H D mv( )
1
2 f

2    

    2 ( )f
2v g H D= −     

    2 ( )fv g H D= −      

D

H

Skier, Skier, Skier mass m
vi = 0

vf = f = f ?

q ffff

     Figure   6-24       Flying off the ramp  
What is the skier’s speed when she 
leaves the frictionless ramp?  

n

mg

yfyfy  = f = f D

y i = H

K i = 0
U i = mgH

K f = ½ f = ½ f mvfmvfmv 2

UfUfU  = f = f mgD
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224     Chapter 6  Work and Energy 

   Reflect     
              The answer does  not  involve the angles   θ    or   φ  , 
or any other aspect of the ramp’s shape. All that 
matters is the difference    −H D    between the 
skier’s initial and final heights. If the ramp had 
a different shape, the final speed  v  f  would be 
exactly the same. 

 As we mentioned in the   Watch Out!   feature 
just before this example, our answer also shouldn’t 
depend on our having chosen   0=y    to be at the low 
point of the ramp. For example, if we instead chose 
  0=y    to be where the skier leaves the ramp, the result 
for  v  f  would be the same. Try this yourself: Take   0y =    
to be at the skier’s starting point, so the end of the 
ramp is at   ( )= − −y H D   . Do you get the same   grav∆U    
with this choice? 

 With   0y =    at the point 
where the skier leaves 
the ramp: 
 At starting point: 

    grav,i i=U mgy     

    ( )= −mg H D     

 At the point where 
skier leaves the ramp: 

    0grav,f f= =U mgy   , So  

    grav grav,f grav,i∆ = −U U U     

    0 ( )= − −mg H D     

    ( )= − −mg H D     

 This is the same as with our previous choice of   0=y   , 
so we’ll find the same value of  v  f .  

yfyfy  = f = f D

y i = H

viviv  = 0

vfvfv

yfyfy  = f = f D

y i = H

viviv  = 0

vfvfv

yf = 0

y i = H – D

  GOT THE CONCEPT? 6-5     Choosing a Point of Reference  
   A ball is dropped from the top of an 11-story building, 
45 m above the ground, to a balcony on the back of 
the ninth floor, 36 m above the ground. In which case 

is the change in the potential energy associated with the ball 

greatest? (a) If we choose the ground to be at   0=y   ; (b) if we 
choose the balcony to be at   0=y   ; (c) if we choose the top of 
the building to be at   0=y   ; (d) The change is the same in all 
three cases. 

       Spring Potential Energy     
      In  Example 6-10  the work done by the gravitational force on the skier is   =gravW
−∆ gravU   (see  Equation 6-20 ). We saw that this work depends only on the skier’s final 
and initial positions,  not  on the path that she took between those two points. That’s 
why we can express the work done by the gravitational force in terms of the differ-
ence   grav∆U    between the gravitational potential energy values at the two points. 

 The same is true for the work done by an ideal spring. We saw in  Section 6-5  
that the work you must do to stretch a spring from an extension   ix    to an extension 

fx    is   12 f
2 1

2 i
2−kx kx    (this is  Equation 6-17 , with 1 replaced by i and 2 replaced by f). 

The work that the  spring  does is the negative of this:   spring
1
2 f

2 1
2 i

2( )= − −W kx kx   . Note 
that this also depends on only the initial and final extensions of the spring, not on the 
details of how you got from one to the other. Hence just as we did for the work done 
by the gravitational force, we can write the work done by an ideal spring in terms of 
a change in potential energy: 

    
1
2

1
2

( )

spring f
2

i
2

spring,f spring,i spring

W kx kx

U U U

= − −





= − − = −∆
      

(6-22)
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6-6   Potential energy is energy related to an object’s position      225

The quantity Uspring in Equation 6-22 is called the spring potential energy:

Spring potential energy of a stretched or compressed spring Spring constant of the spring 

kx2Uspring =
1
2

Extension of the spring (x > 0 if spring is stretched, x < 0 if spring is compressed)

Spring potential energy  
(6-23)

The spring potential energy is zero if the spring is relaxed ( 0=x ) and positive if 
the spring is stretched ( 0>x ) or compressed ( 0<x ) (Figure 6-25). This says that we 
have to do work to either stretch the spring or compress it, and the work that we do 
goes into the spring potential energy.

While a human tendon is not an ideal spring, we can think of it as storing spring 
potential energy when it is stretched. When you are running and one of your feet is in 
contact with the ground, the Achilles tendon at the back of that leg is stretched. The 
spring potential energy stored in that tendon literally “springs” you back in the air, 
helping you to sustain your running pace.

Conservative and Nonconservative Forces
A force that can be associated with a potential energy, like the gravitational force 
or the force exerted by an ideal spring, is called a conservative force. (In Section 6-7 
we’ll see the reason for this term.) By contrast, the friction force is an example of 
a nonconservative force for which we cannot use the concept of potential energy. The 
reason is that unlike the gravitational force or the force exerted by an ideal spring, the 
work done by the friction force does depend on the path taken from the initial point 
to the final point. In Figure 6-26a we slide a book across a tabletop from an initial 
point to a final point along two different paths. Along either path the kinetic friction 
force has the same magnitude and points opposite to the direction of motion. Hence 
the friction force does more (negative) work along the curved path than along the 
straight path. Since the work done by friction depends on more than just the initial 
and final positions, we can’t write it in terms of a change in potential energy. That’s 
why there’s no such thing as “friction potential energy.”

Here’s an equivalent way to decide whether a certain kind of force is conserva-
tive: If the work done by the force on a round trip (that is, one where the initial and 
final positions are the same) is zero, the force is conservative and we can use the idea 
of potential energy. This is the case for the gravitational force: If f i=y y , then from 
Equation 6-14 ( ) 0grav f i= − − =W mg y y . If you toss a ball straight up, the gravita-
tional force does negative work on it as it rises and an equal amount of positive work 
as it falls back to your hand. The same is true for the spring force: If f i=x x , then 

0spring
1
2 f

2 1
2 i

2= − =W kx kx . But if you slide a book on a round trip on a tabletop, the 
total amount of work that the friction force does on the book is negative and not zero 
(Figure 6-26b). Hence the friction force is nonconservative. (To keep the book moving, 
you have to do an equal amount of positive work on the book as you push it.)

B i o M e d i c a l

WATCH OUT! For spring 
potential energy, == 0x  means 
a relaxed spring.

For gravitational potential 
energy we’re free to choose 

0=y  to be anywhere we like (see 
Example 6-10). We don’t have 
that kind of freedom for spring 
potential energy: In Equation 6-23, 
we must choose 0=x  to be where 
the spring is neither compressed 
nor stretched.

!

Figure 6-25 Spring potential 
energy The potential energy in 
a spring is proportional to the 
square of its extension x . (See 
Equation 6-23.)

x > 0:
Spring is
stretched

Uspring

x < 0:
Spring is
compressed

x
0

Figure 6-26 Kinetic friction is a 
nonconservative force Because 
the work done by kinetic friction 
depends on the path, and it does 
nonzero net work on a round trip, 
it is a nonconservative force.

Friction does more negative work along 
path 2 than along path 1. Since the work 
done by friction depends on the path, we 
conclude that friction is not a 
conservative force.

Path 1 Path 2

(a)
The book makes a round trip that begins and 
ends at this point. Friction does a nonzero, 
negative amount of work on the book for 
this round trip. So we again conclude that 
friction is not a conservative force.

Path 1 Path 2

(b)
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Figure 6-20 shows that the force exerted by a human tendon is also nonconserva-
tive. The tendon exerts more force on its end while being stretched than while relaxing 
to its original length, so it does more negative work on the muscle attached to its end 
as it stretches than it does positive work as it relaxes. Hence during this “round trip” 
the tendon does a nonzero (and negative) amount of work, which means the muscle 
has to do an equal amount of positive work on the tendon to make it go through 
a complete cycle (just like the positive work you must do to push the book around the 
path in Figure 6-26b).

What happens to the work that you do in these cases? Before we can answer 
this question, we’ll combine the ideas of kinetic energy and potential energy into yet 
another kind of energy, called total mechanical energy. This will lead us to one of the 
central ideas of physics, the idea of conservation of energy.

B i o M e d i c a l

TAKE- HOME MESSAGE FOR Section 6-6
✔ The work done by a conservative force depends only 
on the initial and final positions of the object, not on the 
path the object followed from one position to the other. The 
gravitational force and the force exerted by an ideal spring 
are examples of conservative forces.

✔ A kind of energy, called potential energy, is associated 
with each kind of conservative force.

✔ The work done by a conservative force is equal to the 
negative of the change in the associated potential energy. If 
the force does positive work, the potential energy decreases; 
if the force does negative work, the potential energy 
increases.

6-7 If only conservative forces do work,  
total mechanical energy is conserved
Take a pencil in your hand and toss it upward. As the pencil ascends, it loses speed 
and its kinetic energy 1

2
2=K mv  decreases. At the same time the pencil gains height so 

that the gravitational potential energy grav =U mgy increases. After the pencil reaches 
its maximum height and falls downward, its kinetic energy increases as it gains speed 
and the gravitational potential energy decreases as it loses height. This way of think-
ing about the pencil’s up- and- down motion suggests that energy is transformed from 
one form (kinetic) into a different form (gravitational potential) as the pencil rises and 
is transformed back as the pencil descends.

Another example of energy transformation is happening inside your body right 
now. When your heart contracts it pushes blood into the arteries, stretching their 
walls to accommodate the increased volume. The stretched arterial walls behave like 
a stretched spring and so possess spring potential energy. In between heart contractions 
the arterial walls relax back to their equilibrium size and lose their potential energy, 
just as a stretched spring does when it relaxes to its unstretched length. As a result 
blood gains kinetic energy as the arterial walls push on it between heartbeats. Thus 
spring potential energy of the arteries is transformed into kinetic energy of the blood 
(Figure 6-27).

In both of these situations the sum K U+  of kinetic energy and potential 
 energy — a sum that we call the total mechanical energy E — keeps the same value 
and is conserved. When the system’s kinetic energy K increases, its potential energy U 
decreases, and when K decreases, U increases. It’s like having two bank accounts: You 
can transfer money from one account to the other, but the total amount of money in 
the two accounts remains the same. In this section we’ll learn the special circumstances 
in which total mechanical energy is conserved, and we’ll see how to express these ideas 
in equation form.

Suppose that as an object moves from an initial position to a final position, the 
only force that does work on the object is the gravitational force. [An example is the 
skier on a ski jump in Example 6-10 (Section 6-6). In addition to the gravitational 

B i o M e d i c a l
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6-7   If only conservative forces do work, total mechanical energy is conserved      227

force on the skier, there is a normal force exerted by the ramp, but it does no work 
on the skier because this force is always perpendicular to the skier’s path.] Accord-
ing to Equation 6-21 in this situation the work- energy theorem tells us that the 
change in the object’s kinetic energy is equal to the negative of the change in its 
potential energy:

 (if only the gravitational force does work)grav∆ = −∆  K U  (6-24)

The change in kinetic energy equals the final value minus the initial value, and like-
wise for the gravitational potential energy. So we can rewrite Equation 6-24 as

( )f i grav,f grav,i grav,f grav,i− = − − = − +K K U U U U
(if only the gravitational force does work)

Let’s rearrange this equation so that all the terms involving the initial situation are 
on the left- hand side of the equals sign and all the terms involving the final situation 
are on the right- hand side. We get

 (if only the gravitational force does work)i grav,i f grav,fK U K U+ = +  (6-25)

If only the gravitational force does work on the object as it moves, its speed v 
and kinetic energy 1

2
2=K mv  can change, and its height y and gravitational potential 

energy grav =U mgy can change. But the sum of K and Ugrav has the same value at the 
end of the motion as at the beginning.

We can generalize these ideas and Equation 6-25 even more. Our results from 
Section 6-6 show that the work done by any conservative force can be written as the 
negative of the change in the associated potential energy. (Equations 6-22 and 6-23 
show this for the case of the work done by an ideal spring: spring spring= −∆W U , where 
the spring potential energy is spring

1
2

2=U kx  and x is the extension of the spring.) If 

a number of conservative forces 
� � �
A B CF F F, , , . . . do work on an object as it moves, and 

the potential energies associated with each of these forces are UA, UB, UC, . . . , then the 
total work done by these forces is

. . .
( ) ( ) ( ) . . .
( ) ( ) ( ) . . .

( . . .) ( . . .)

conservative

A

A,f A,i B,f B,i C,f C,i

A,f B,f C,f A,i B,i C,i

f i

W W W W

U U U

U U U U U U

U U U U U U

U U U

A B C

B C

= + + +
= −∆ + −∆ + −∆ +
= − + + − + + − + +
= − + + + + + + +
= − + = −∆

In Equation 6-26 the quantity U is the total potential energy, which is just the sum of 
the individual potential energies UA, UB, UC, . . . If these conservative forces are the 
only forces that do work on the object, then Wconservative in Equation 6-26 equals the net 
work done on the object, which from the work- energy theorem equals f i∆ = −K K K . 
So if only conservative forces do work, we have

f i f iK K U U− = − +

or, rearranging,

(6-26)

Figure 6-27 Kinetic and potential 
energy in the arteries When 
you feel the pulse in your radial 
artery, you are actually feeling 
spring potential energy of the 
arterial walls being converted to 
kinetic energy of the blood. This 
energy transformation, which 
occurs about once per second, is 
essential for life.
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If only conservative forces do work on an object, the sum K 1 U
maintains the same value throughout the motion. This sum is
called the total mechanical energy E.

Values of the kinetic energy K of an object at two points (i and f) during its motion

Values of the potential energy U at the same two points

Ki + Ui  = Kf + Uf

Mechanical energy is conserved if 
only conservative forces do work 
(6-27)

07_FreedmanCP3e_25534_ch06_195-249.indd   227 14/10/20   12:25 PM

Copyright © 2021 W. H. Freeman and Company. Distributed by W. H. Freeman and Company. Strictly for use with its products. Not for redistribution.



228     Chapter 6  Work and Energy 

In Section 6-8 we’ll use the idea of conservation of mechanical energy to solve 
a number of physics problems. First, however, let’s see how this idea has to be modified 
if there are also nonconservative forces that do work.

Figure 6-28 Total mechanical energy is conserved As 
the skier moves on this frictionless ramp, the kinetic 
energy K and the gravitational potential energy Ugrav 
both change, but their sum grav= +E K U  — the total 
mechanical energy — always has the same value.

y = 0

y = D

y = H K Ugrav E

K Ugrav E
K Ugrav E

K Ugrav E

When only conservative forces like gravity act, the 
total mechanical energy E of the system is conserved.

The kinetic energy K and the gravitational 
potential energy Ugrav both change, but 
their sum E remains the same.

Conservation of mechanical 
energy — alternative version  

(6-28)

Change in the kinetic energy K
of an object during its motion

Change in the potential energy U associated
with an object during its motion

∆K + ∆U = 0

If only conservative forces do work on the object, the sum of these two changes is zero:
Total mechanical energy can transform between kinetic and potential forms, but there
is no net change in the amount of total mechanical energy.

Equation 6-28 refers to the change in kinetic energy K∆  and the change in potential 
energy U∆  during the motion. If the only forces that do work on the object are con-
servative forces, the sum of these is zero: Any increase in kinetic energy comes with 
an equal decrease in potential energy, and vice versa.

Go to Picture It 6-2 for 
more practice dealing with 
mechanical energy.

WATCH OUT! Total mechanical energy is a property of a system, not a single object.

We saw in Section 6-6 that gravitational potential energy 
for an object like a baseball is really a shared property of 

a system of two objects, the baseball and Earth. Thus the total 
mechanical energy for a baseball in flight, which incorporates 
gravitational potential energy, is likewise a property of that 
system. Likewise, if a weight is attached to a horizontal spring 

and allowed to oscillate back and forth, the total mechanical 
energy is a shared property of the weight (which has kinetic 
energy) and the spring (which has spring potential energy). 
Whenever you think about total mechanical energy, you should 
always be able to state to what system that mechanical energy 
belongs.

!

You can see that this is a more general form of Equation 
6-25, which refers to the case in which only one conserva-
tive force — the gravitational force — does work. Note that we 
can take the initial point i and the final point f to be any two 
points during the motion, as long as only conservative forces 
do work.

The sum of kinetic energy K and potential energy U is 
called the total mechanical energy E. So Equation 6-27 tells us 
that if only conservative forces do work on an object, the total 
mechanical energy is conserved; that is, it maintains the same 
value during the motion (see Figure 6-28). For this energy con-
servation to take place, your system must include the sources of 
the conservative forces —  for example, Earth and springs. You 
can now see the origin of the term “conservative” for forces like 
the gravitational force and the spring force: If only forces of 
this kind do work, the total mechanical energy of the system is 
conserved.

Another way to write Equation 6-27 is to move all of the 
terms in that equation to the same side of the equals sign:

0f i f iK K U U− + − =

Since = ∆–f iK K K (the change in kinetic energy) and –fU  
iU U= ∆  (the change in potential energy), we can rewrite this 

equation as
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6-7   If only conservative forces do work, total mechanical energy is conserved      229

Figure 6-29 Tossing and 
catching a pencil The total 
mechanical energy associated 
with the pencil increases as you 
toss it upward, remains constant 
while the pencil is in flight, then 
decreases as you catch it.

Because you do work on
the pencil, the total
mechanical energy E—the
sum of kinetic energy K
and gravitational energy
Ugrav—is not conserved
throughout this process.

y = 0

K Ugrav E K Ugrav E
K Ugrav E K Ugrav E

K Ugrav E

While the pencil is in free fall, the value of the 
total mechanical energy stays the same. The 
energy shifts from kinetic energy to potential 
energy, then back to kinetic energy.

When you toss the pencil 
upward, you do positive 
work on it and the total 
mechanical energy of the 
pencil increases.

Your hand does negative 
work on the pencil, 
decreasing the mechanical 
energy of the system.

The total mechanical energy changes in these situations because the force exerted 
by your hand is not conservative. We can write a modified version of Equation 6-27 
that can accommodate situations like these in which the total mechanical energy is not 
conserved. To do this let’s go back to the work- energy theorem, net f iW K K= − . If both 
conservative and nonconservative forces do work on an object, the net work is the sum 
of the work done by the two kinds of forces:

net conservative nonconservativeW W W= +

Equation 6-26 says that the work done by conservative forces is = +–conservative fW U
= ∆–iU U . Substituting this and Equation 6-29 into the work- energy theorem, 

we get

net f i nonconservative f iW U U W K K( )= − + + = −

We can rearrange this to

(6-29)

Generalizing the Idea of Conservation of Energy: 
Nonconservative Forces
There are many situations in which total mechanical energy is not conserved. As an 
example, at the beginning of this section we asked you to toss a pencil into the air. 
During the toss you had to do positive work on the pencil: You exerted an upward 
force on the pencil as you pushed it upward. As a result the total mechanical energy of 
the pencil increased (Figure 6-29). If you subsequently catch the pencil as it falls, you 
do negative work on the pencil because you exert an upward force on it as the pen-
cil moves downward. As Figure 6-29 shows, the total mechanical energy decreases 
during the catch.

Change in mechanical energy 
when nonconservative forces act 
(6-30)

Values of the kinetic energy K of an object at two points (i and f) during its motion

Values of the potential energy U at the same two points

Ki + Ui  + Wnonconservative = Kf + Uf

If nonconservative forces do work on an object, the total mechanical
energy E = K + U changes its value.
If Wnonconservative > 0, Ef > Ei and the total mechanical energy increases.
If Wnonconservative < 0, Ef < Ei and the total mechanical energy decreases.
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Equation 6-30 gives us more insight into the difference between conservative and 
nonconservative forces. In Figure 6-29 only the conservative force of gravity acts on 
the pencil from the time when it leaves your hand to when it returns to your hand. 
So the mechanical energy E K U= +  remains constant during this part of the motion. 
Kinetic energy decreases and changes into potential energy as the pencil ascends, but 
the potential energy is turned back into kinetic energy as the pencil falls. If the force 
of your hand were also a conservative force, all of the energy you expended to toss 
the pencil would be returned to your body when you caught the pencil; you could toss 
the pencil up and down all day and you would never get tired. This is not the case, 
however, and you do get tired. (If you don’t believe this, try it with a book rather than 
a pencil and try tossing the book up and catching it a few dozen times.) Because the 
energy you expend in the toss is not returned to you in the catch, the force of your 
hand is nonconservative.

Here’s an alternative way to think of the nonconservative forces depicted 
in  Figure 6-29. To toss the pencil upward you actually use energy stored in the 
chemical bonds of adenosine triphosphate (ATP), carbohydrates, and fat in the 
muscles of your arm. We don’t include this kind of energy in the quantity U in 
Equation 6-30, which refers only to potential energy associated with the pencil. 
Instead, we’ll use the symbol Eother for internal energy, a catch- all kind of energy 
that is not included in K or U in Equation 6-30. Not all of the released chemi-
cal energy goes into moving your muscles; some goes into warming your muscles 
(which is why you get warm when you exercise) and hence into thermal energy, 
which is energy associated with the random motion of atoms and molecules (in 
this case inside your arm). Thermal energy is also considered part of Eother. So 
during the toss, some chemical energy is converted into thermal energy (and so 
remains within Eother), and the rest is used to do work on the pencil (Figure 6-30). 
Hence during the toss for which 0,nonconservative otherW E>  of your body decreases 
so < 0otherE∆ .

When you catch the pencil you again use your muscles and so you use more of 
the energy stored in chemical bonds. In the catch, however, both your arm and the 
pencil warm by a slight but measurable amount, corresponding to an increase in ther-
mal energy, and this increase is greater than the loss of chemical energy (Figure 6-30). 
So during the catch, for which 0,nonconservative otherW E<  of you and the pencil increases 
so > 0otherE∆ .

B i o M e d i c a l

E
EE

y = 0

K Ugrav Eother
K Ugrav Eother

K Ugrav Eother
K Ugrav Eother

E

K Ugrav EotherE

While the pencil is in free fall, the 
value of the total mechanical energy 
stays the same. The mechanical energy 
shifts from kinetic energy to potential 
energy, then back to kinetic energy.

When you toss the pencil 
upward, internal energy 
in your arm (chemical 
energy) is converted to 
mechanical energy.

When you catch the pencil 
mechanical energy is 
converted to internal 
energy of your arm and the 
pencil (thermal energy),  
raising their temperatures.

Total energy—the sum of
total mechanical energy
(K plus Ugrav) and internal
energy Eother—of the (you + 
pencil) system is conserved
in this process.

Figure 6-30 Tossing and catching a pencil, revisited When you toss the pencil some 
internal energy of your body in chemical form (Eother) is converted to mechanical 
energy. When you catch the pencil this added mechanical energy is converted back 
into internal energy.
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6-7   If only conservative forces do work, total mechanical energy is conserved      231

These observations suggest that the amount of nonconservative work done is 
related to the change in internal energy. Indeed, many careful measurements show that 
in all situations, Wnonconservative is exactly equal to the negative of otherE∆ :

nonconservative otherW E= −∆

With Equation 6-31 in mind we can rewrite Equation 6-30 as

i i other f fK U E K U+ − ∆ = +

If we move all of the terms in this equation to the same side of the equals sign, we get

0f i f i otherK K U U E− + − + ∆ =

Now f iK K−  is the change in kinetic energy K∆  and f iU U−  is the change in poten-
tial energy U∆ . So we can rewrite this equation as

(6-31)

Change in the kinetic energy K
of an object during its motion

Change in the internal energy Eother
during the object's motion

Change in the potential energy U associated
with an object during its motion

Energy can transform between kinetic, potential,
and internal forms, but there is no net change in
the amount of energy.

∆K + ∆U + ∆Eother = 0 The law of conservation of 
energy  
(6-32)

Figure 6-31 Energy transformation at the molecular level 
A class of proteins called kinesins found within living cells 
behave like workers carrying packages: One end of the kinesin 
is attached to a “package” in the form of a vesicle (a ball of 
fluid held together by a surface layer of lipid molecules), and 
the other end has footlike structures that “walk” along the 
microtubules that make up the skeleton of a cell. Taking one 
microscopic “step” along a microtubule means giving the 
kinesin kinetic energy ( 0∆ >K  in Equation 6-32); this comes 
from the energy released from the hydrolysis of a single ATP 
molecule ( 0other∆ <E  in Equation 6-32).

Vesicles

Kinesin
proteins

“Feet”

Microtubule
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Equation 6-32 suggests that we broaden our definition of energy to include both 
total mechanical energy (E K U= + ) and internal energy Eother. In this case we have 
to expand the system to include not only the object and the sources of the conser-
vative forces that produce U∆  but also the sources of the nonconservative forces 
that result in otherE∆  (like your hand in the case of the thrown pencil). As the object 
moves, K, U, and Eother can all change values, but the sum of these changes is zero: 
One kind of energy can transform into another, but the total amount of energy of 
all forms remains the same (Figure 6-31). This is the most general statement of the 
law of conservation of energy.

Unlike the similar- appearing Equation 6-28, which applies 
only if nonconservative forces do no work, Equation 6-32 
is always true as long as the system contains all objects that 
are exerting or feeling forces. Scientists have made an exhaus-
tive search for situations in which the law of conservation of 
energy does not hold. No such situation has ever been found. 
So we conclude that conservation of energy is an absolute law 
of nature. In the following section we’ll see how to apply this 
law to solve physics problems.

B i o M e d i c a l
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GOT THE CONCEPT? 6-6 How High?
A block is released from rest on the left- hand side 
of an asymmetric skateboard ramp at a height H 
(Figure 6-32). The left- hand side of the ramp is twice 

as steep as the right- hand side of the ramp. If the ramp is 
frictionless, to what height does the block rise on the  
right- hand side before stopping and sliding back down?  
(a) 2H; (b) H; (c) H 2/ ; (d) not enough information given  
to decide.

Figure 6-32 An asymmetric skateboard ramp If the block is 
released at height H on the left- hand side, to what height will 
it rise on the more gently sloped right- hand side?

y = 0

y1 = H

TAKE-HOME MESSAGE FOR Section 6-7
✔ If the only forces that do work on an object are 
conservative forces, then the total mechanical energy E (the 
sum of the kinetic energy K and the potential energy U) is 
conserved. The values of K and U may change as the object 
moves, but the value of E remains the same.

✔ If nonconservative forces also do work on 
the object, the total mechanical energy changes. 

The value of E increases if positive nonconservative work 
is done and decreases if negative nonconservative work is 
done.

✔ Work done by a nonconservative force is associated 
with a change in internal energy. The total energy — the 
sum of kinetic, potential, and internal energies — is always 
conserved.

6-8 Energy conservation is an important tool 
for solving a wide variety of problems
Let’s now see how to use the energy conservation equations that are valid when 
only conservative forces do work (Equations 6-27 and 6-28) and those that are valid 
when nonconservative forces also do work (Equations 6-30 and 6-32). As a rule, if 
a problem involves a conserved quantity (that is, a quantity whose value remains 
unchanged), it simplifies the problem tremendously. Often the conservation equation, 
which relates the value of the conserved quantity at one point in an object’s motion to 
the value at a different point, is all you need to solve for the desired unknown. We’ll 
see several problems of that kind in this section.

Go to Interactive Exercise 6-2 
for more practice dealing with 
energy conservation.

EXAMPLE 6-11 A Ski Jump, Revisited

As in Example 6-10 (Section 6-6), a skier of mass 
m starts at rest at the top of a ski jump ramp 
(Figure 6-33). (a) Use an energy conservation 
equation to find an expression for the skier’s speed 
as she flies off the ramp. There is negligible friction 
between the skis and the ramp, and you can ignore 
air resistance. (b) After the skier reaches the ground 
at point P in Figure 6-33, she begins braking and 
comes to a halt at point Q. Find an expression for 
the magnitude of the constant friction force that acts 
on her between points P and Q.

Figure 6-33 Flying off the ramp and coming to a halt What is 
the skier’s speed as she leaves the ramp? How much friction is 
required to bring her to a halt?

Friction force  fk = ? 

Speed  vf = ? 

Skier, mass m
vi = 0 

H

h

P

Q 

L

D
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6-8   Energy conservation is an important tool for solving a wide variety of problems      233

 For part (b) we consider the skier’s entire 
motion from the top of the ramp (which we 
again call point i) to where she finally comes to 
rest at point  Q . A normal force also acts on her 
when she reaches the ground, but again this force 
does no work on her. Between points  P  and  Q  a 
nonconservative  friction  force also acts and does 
negative work on her (the force is opposite to her 
motion). So for the motion as a whole, we must use 
 Equation 6-30 . Our goal for part (b) is to find the 
magnitude  f  k  of the friction force.  

 At the top of the ramp: 
1
2

0i i
2K mv= =

grav,i iU mgy mgH= =

 At the end of the ramp: 
1
2f f

2K mv=

grav,f fU mgy mgD= =

   Set Up          
 In part (a) of this problem the skier travels from an 
initial point i at the top of the ramp to a final point f 
at the end of the ramp. During this motion only the 
conservative force of gravity does work on her. (The 
ramp also exerts a normal force on her, but this 
force does no work since it is always perpendicular 
to her motion.) So we can use  Equation 6-27 . 
(There are no springs, so there is no spring potential 
energy.) Our goal for this part is to find the skier’s 
speed  v  f  as she leaves the ramp. 

 Conservation of mechanical energy: 

    i i f fK U K U+ = +    (6-27)  

 Gravitational potential energy: 

    gravU mgy=    (6-18)  

 Change in mechanical energy when 
nonconservative forces act: 

    i i nonconservative f fK U W K U+ + = +    (6-30)  

 Kinetic energy: 

    
1
2

2K mv=    (6-8)  

on ramp

n

mg

D

H

f

i

K Ugrav

K Ugrav

i

K

Q

Ugrav

K Ugrav

between
P and P and P Q

n

mg

fkfkf

   Solve                  
 (a) Write expressions for the skier’s kinetic energy  K  
and the gravitational potential energy  U  grav  at the 
top of the ramp (at   iy H=   , where the speed is   0iv =   ) 
and the end of the ramp (at   fy D=   , where the speed 
is  v  f ). 

 Now substitute the energies into  Equation 6-27  and 
solve for  v  f . 

  Equation 6-27 : 

    i i f fK U K U+ = +   , so  

    0
1
2 f

2mgH mv mgD+ = +     

    

= − = −

= −
= −

1
2

( )

2 ( )

2 ( )

f
2

f
2

f

mv mgH mgD mg H D

v g H D

v g H D

    

 (b) Now the final position is at point  Q , a distance 
 h  below the low point of the ramp so   –y hQ =   . At 
this point the skier is again at rest, so   0vQ =   . The 
friction force  f  k  acts opposite to her motion as she 
moves a distance  L , so this force does work   kf L−    
on her. 

 At the top of the ramp: 
1
2

0i i
2K mv= =

grav,i iU mgy mgH= =

 At point  Q : 
1
2

0

( )

2

grav

K mv

U mgy
mg h mgh

Q Q

,Q Q

= =

 =
= − = −

 Work done by the friction force, which points 
opposite to the skier’s displacement: 

= ° = −cos 180 ( 1)nonconservative k kW f L f L
    = − kf L    

in midair

mg

07_FreedmanCP3e_25534_ch06_195-249.indd   233 14/10/20   12:27 PM

Copyright © 2021 W. H. Freeman and Company. Distributed by W. H. Freeman and Company. Strictly for use with its products. Not for redistribution.



234     Chapter 6  Work and Energy 

Now use Equation 6-30 to solve for fk. Equation 6-30:

i i nonconservativeK U W K UQ Q+ + = + , so

0 (– ) 0 (– )kmgH f L mgh+ + = +

( )kf L mgH mgh mg H h= + = +

kf mg
H h

L
= +








Reflect
Our answer for part (a) is the same one that we found in Example 6-10, where we used the expression –grav gravW U= ∆  for 
the work done by gravity. That’s as it should be, since we used that expression in Section 6-7 to help derive Equation 6-27.

Our result for fk in part (b) has the correct dimensions of force, the same as mg, since the dimensions of H h+  (the 
total vertical distance that the skier descends) cancel those of L (the skier’s stopping distance). Note that the smaller the 
stopping distance L compared to H h+ , the greater the friction force required to bring the skier to a halt.

An alternative way to solve part (b) would be to treat the second part of the skier’s motion separately, with the 
initial point at the end of the ramp [at height D, where the skier’s speed is 2 ( )g H D−  as found in part (a)] and the final 
point is at point Q (at height h− , where the skier’s speed is zero). You should try solving the problem this way using 
Equation 6-30 and –nonconservative kW f L= ; you should get the same answer for fk. Do you?

EXAMPLE 6-12 Warming Skis and Snow
When the skier in Example 6-11 brakes to a halt, her skis and the snow over which she slides both warm up. What is the 
increase in the internal energy of the skis and snow in this process?

Set Up
This problem involves internal energy, so 
we’ll use the most general statement of energy 
conservation. This says that during the skier’s 
motion (from the top of the ramp to when she 
finally comes to rest at point Q) the sum of the 
changes in kinetic energy K, potential energy U, 
and internal energy Eother must be zero. We’ll 
use this to find how much internal energy is 
added to the ski and snow during the braking.

The law of conservation of energy:

0otherK U E∆ + ∆ + ∆ =  (6-32)

Solve
Substitute the change in kinetic energy K∆  
and the change in potential energy U∆  into 
Equation 6-32 and solve for the increase in 
internal energy. We’ll refer to Example 6-11 for 
the initial and final values of y and v.

At the top of the ramp: 
1
2

0i i
2= =K mv

grav,i iU mgy mgH= =

At point Q: 
1
2

02K mvQ Q= =

(– ) –grav,U mgy mg h mghQ Q= = =
Change in kinetic energy: – 0 – 0 0iK K KQ∆ = = =
Change in potential energy: –grav, grav,iU U UQ∆ =
 – – – ( )mgh mgH mg H h= = +
From Equation 6-32, 0otherK U E∆ + ∆ + ∆ =
 0 [– ( )] 0othermg H h E+ + + ∆ =
 ( )otherE mg H h∆ = +

Reflect
The overall motion of the skier begins and ends 
with zero kinetic energy. The net result is that 
the (gravitational) potential energy decreases by 
an amount ( )mg H h+  and the internal energy 
increases by the same amount. This represents 

–nonconservative otherW E= ∆  (6-31)

From Example 6-11, –nonconservative kW f L= , and

 kf mg
H h

L
= +




 , so

i

K

Q

Ugrav

K Ugrav
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the amount of thermal energy that is added to 
the skier’s skis and the snow over which she 
slides as she brakes to a halt. 

 We can check our result by using  Equation 
6-31 , which relates the change in internal 
energy to the amount of nonconservative 
work done. We get the same answer with this 
approach, as we must. 

= − +





= − +( )nonconservativeW mg
H h

L
L mg H h

    ∆ = − = +( )other nonconservativeE W mg H h      

   EXAMPLE   6-13    A Ramp and a Spring  
 A child’s toy uses a spring with spring constant   /36 N mk =    
to shoot a block up a ramp inclined at   30θ = °   from the 
horizontal (  Figure 6-34   ). The mass of the block is   8.0m =    g. 
When the spring is compressed 4.2 cm and released, the block 
slides up the ramp, loses contact with the spring, and comes to 
rest a distance  d  along the ramp from where it started. Find the 
value of  d . Neglect friction between the block and the surface 
of the ramp.   

   Set Up          
 The forces on the block are a normal force, the 
gravitational force, and a spring force that acts 
while the block is in contact with the spring. 
The normal force is always perpendicular to 
the block’s motion and so does no work. So 
only conservative forces (gravity and the spring 
force) do work, and total mechanical energy 
is conserved. We’ll use  Equation 6-27  to solve 
for the distance  d . The initial point i is where 
the block is released, and the final point f is a 
distance  d  up the ramp from the initial point. 

    i i f fK U K U+ = +    (6-27)  

    gravU mgy=    (6-18)  

    U
1
2spring

2kx=    (6-23)  

    
1
2

2K mv=    (6-8)   

   Solve          
 The block is at rest with zero kinetic energy 
at both the initial point and the final point. 
If we take   0y =    to be the height of the 
block where it is released, then   0iy =   ; the 
final height   fy    is related to the distance  d  by 
trigonometry. We use  Equation 6-18  to write 
the initial and final gravitational potential 
energies. The initial spring potential energy is 
given by  Equation 6-23  with   /36 N mk =    and 
  4.2ix = −    cm; the final spring potential energy 
is zero because the spring is relaxed. 

k

dd

m

yf

u

Figure   6-34       Spring potential energy and gravitational 
potential energy  If the spring is compressed a certain 
distance, how far up the frictionless ramp will the block go?  

 Before block is released: 

    

1
2

0

0
1
2

i i
2

grav,i i

spring,i i
2

K mv

U mgy

U kx

= =

= =

=

    

 When block has traveled 
a distance  d  up the ramp: 

    
1
2

0f f
2K mv= =     

 From  Figure 6-34 , 
    fy d=    sin   θ   , so  
    singrav,f fU mgy mgd θ= =     

    
1
2

0spring,f f
2U kx= =     

n

in contact
with spring

Fspring

n

mg mg

after losing
contact

with spring

K UgrK UgrK U avgravgr UspringUspringU

K UgrK UgrK U avgravgr UspringUspringU

 Substitute the energies into  Equation 6-27 . 
(Remember that the  total  potential energy  U  is 
the sum of the gravitational and spring potential 
energies.) Then solve for the distance  d . 

  Equation 6-27 : 
    i i f fK U K U+ = +   , or  
    i grav,i spring,i f grav,f spring,fK U U K U U+ + = + +      , so 

    0 0
1
2

0 sin 0i
2kx mgd θ+ + = + +     

    
2 sin

i
2

d
kx

mg θ
=     
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Insert numerical values (being careful to 
express distances in meters and masses in 
kilograms) and find the value of d. Recall 
that /1 N 1 kg m s2 = ⋅ .

( 4.2 cm)
1 m

100 m
0.042 m

8 0 g
1 kg

1000 g
0 0080 kg

ix

m ( )

= − 



 = −

= .






= .

= − .
. .  °

= . ⋅ = . ⋅

= .  =  

/
/

(36 N m)( 0 042 m)
2(0 0080 kg)(9 80 m s )sin 30

0 81
N s

kg
0 81

kg m
s

s
kg

0 81 m 81 cm

2

2

2

2

2

d

Reflect
In our solution we assumed that the final spring potential energy is zero, which means that the spring ends up neither 
compressed nor stretched. In other words, we assumed that the block moves so far up the ramp that it loses contact with 
the spring. That’s consistent with our result: The block moves 81 cm up the ramp, much greater than the 4.2-cm distance 
by which the spring was originally compressed.

Our solution shows that the net effect of the block’s motion is to convert spring potential energy at the initial 
position to gravitational potential energy at the final position. The block begins and ends with zero kinetic energy, just as 
the skier does in Examples 6-11 and 6-12. Note that the block does have kinetic energy at intermediate points during the 
motion, when it’s moving up the ramp. However, we didn’t need to worry about these intermediate stages of the motion.

This problem would have been impossible to solve using the techniques of Chapters 4 and 5 because the net force 
on the block isn’t constant: The magnitude of the spring force starts off large, then decreases to zero as the block moves 
uphill and the spring relaxes. The energy approach is the only method that will lead us to the answer to this problem.

GOT THE CONCEPT? 6-7 Where Is It Zero?
In Example 6-13, which of the following are you free to 
choose as you see fit? (a) The point on the ramp where 
gravitational potential energy is zero; (b) the point on 

the ramp where spring potential energy is zero; (c) both of 
these; (d) neither of these.

TAKE- HOME MESSAGE FOR Section 6-8
✔ The kinds of problems that are best solved using the law of 
conservation of energy are those in which an object moves from 
one place to another under the action of well- defined forces.

✔ Drawing a free- body diagram is essential for deciding 
which forces act and do work on the object.

✔ If only conservative forces do work, total mechanical 
energy is conserved. If nonconservative forces also do 
work, you must use the more general statement of energy 
conservation.

6-9 Power is the rate at which energy 
is transferred
If you walk for a kilometer, your heart rate will increase above its resting value. 
But if you run for a kilometer, your heart rate will increase to an even higher value 
 (Figure 6-35). Now that we’ve learned about energy, this may seem paradoxical: You 
covered the same distance and did roughly the same amount of work in both cases, so 
why is a higher heart rate needed for running? The answer, as we will see, is related to 
the rate of transferring energy and the rate of doing work.

The rate at which energy is transferred from one place to another, or from one 
form to another, is called power. The unit of power is the joule per second, or watt 
(abbreviated W): 1 /W 1 J s= . As an example, a 50-W light bulb is designed so that 
when it is in operation in an electric circuit, 50 J of energy is delivered to it every sec-
ond by that circuit. Other common units of power are the kilowatt (1 kW 1000 W= )  
and the horsepower (1 hp 746 W=  is a typical rate at which a horse does work by pull-
ing on a plow). We’ll usually denote power by the uppercase symbol P.

T
h

e 
A

G
E

/F
ai

rf
ax

 M
ed
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/G

et
ty

 Im
ag

es

Figure 6-35 Running versus 
walking Both running and walking 
involve doing work; the difference 
is the rate at which work is done.
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6-9   Power is the rate at which energy is transferred      237

Let’s apply the concept of power to the rate of doing work. If you are using a 
stationary exercise bike at the gym, a reading of 200 W on the bike’s display means 
that you are doing 200 J of work on the bike every second. So the power you are 
applying to the pedals equals the amount of work that you do divided by the time it 
takes for you to do that work:

W
t

P 5

Amount of work
done

Power P is the rate
of doing work

Time over which
that work is done

Power, work done, and time 
(6-33)

The quantity P in this equation is sometimes called the power delivered to the object 
on which work is being done.

To help interpret this equation, let’s think again about the groundskeeper pulling 
a screen across a baseball diamond that we described in Section 6-2 (Figure 6-6). The 
groundskeeper exerted a force of magnitude F on the screen at an angle θ  to the screen’s 
displacement. So to move the screen a distance d over the ground at a steady speed, the 
groundskeeper did an amount of work ( cos )W F dθ= , as described by Equation 6-2. If 
the groundskeeper took a time t to pull the screen this distance, the speed of the screen 
was /v d t= . So Equation 6-33 tells us that the power output that the groundskeeper 
delivered to the screen was

θ θ= = =( cos )
( cos )P

W
t

F d
t

F v

This equation says that the greater the force F that the groundskeeper exerts and the 
faster the speed v at which he makes the screen move, the more power he delivers to 
the screen.

The same equation also applies to the power that you deliver to 
the pedals of a bicycle or of a stationary exercise bike. When your 
foot pushes straight down on one of the pedals, as in Figure 6-36a, 
the angle θ  in Equation 6-34 is zero (the force is in the direction that 
the pedal is moving). Since cos 0 1= , the power you deliver is then 
P Fv= . But if the force is at an angle of 45θ = °, as in Figure 6-36b, 
the power you deliver is less: ( cos 45 ) 0.707P F v Fv= ° = . So the 
power you deliver to the pedal is maximum when you push straight 
down on a downward- moving pedal. (It’s also maximum when you 
pull straight up on an upward- moving pedal, so again 0θ = .) You can 
notice this most easily when you stand up on the pedals; you can feel 
greater power being delivered when your feet move vertically.

We can now use the concept of power to explain the difference 
between walking and running that we mentioned at the beginning of 
this section. Whether you walk or run, you expend some of the inter-
nal energy Eother stored in your body and use it to do nonconservative 
work Wnonconservative to propel yourself. (This work is nonconservative 
because you don’t get the energy back after you stop.) From Equation 
6-31 in Section 6-7,

= −∆W Enonconservative other

Here Wnonconservative is posit ive (you do posit ive work) and 
otherE∆  is negative (your internal energy decreases). If we divide 

both sides of this equation by the time t that you walk or run, 
we get

= −∆W
t

E
t

nonconservative other

(6-34)

(6-35)

Figure 6-36 Power in cycling The power you deliver 
to a bicycle pedal depends on the angle between 
the force you exert and the direction of the pedal’s 
motion.

(a)

(b)

F

y

u 5 458

F

y

Maximum power when F 
and y are in the same 
direction (u 5 0)

Power delivered to pedal is 
less when angle between F 
and y is not zero
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If you compare Equation 6-35 to Equation 6-34, you’ll see that nonconservative/W t  is 
just the power P that you deliver to make yourself move. The term other∆ /E t is the rate 
at which you lose internal energy as you move. When you run rather than walk, you 
cover the same distance in a shorter time t, nonconservative= /P W t has a greater value, and 
you do work at a faster rate. To do work more rapidly your muscles consume internal 
energy more rapidly and also require more oxygen per second. Hence your respiration 
rate goes up so that you will inhale more oxygen per second, and your heart rate goes 
up in order to more rapidly supply your muscles with oxygenated blood. This elevated 
heart rate is why running is superior to walking as cardiovascular exercise.

In walking, running, and all other forms of exercise, only part of the chemical 
energy that you expend goes into doing work. The rest goes into increasing the ther-
mal energy of your body and your surroundings. The faster the rate at which you do 
work — that is, the greater your power output — the more rapidly you use up your chem-
ical energy and the more rapidly the thermal energy increases (and so the more rapidly  
you warm up). Example 6-14 explores this for one particular type of vigorous exercise.

B i o M e d i c a l

EXAMPLE 6-14 Power in a Rowing Race
Rowing demands one of the highest average power outputs of all competitive 
sports (Figure 6-37). In a typical rowing race a racing shell travels 2000 m 
in 6.00 min, during which each rower has an average power output of 
4.00 102×  W and expends 7.20 10 J 720 kJ5× =  of chemical energy. (a) How 
much work does each rower do to propel the shell? (b) By how much does 
the thermal energy of each rower increase?

Set Up
We are given the rower’s power output P and the 
time t for which that power is delivered, so we can use 
Equation 6-33 to find the total (nonconservative) work 
that the rower does. We can then use Equation 6-35 to 
find the change otherE∆  in internal energy. This is the sum 
of the change in chemical energy (which we are given) and 
the change in thermal energy (which we want to find).

nonconservativeP
W

t
=  (6-33)

nonconservative otherW
t

E
t

= − ∆
 (6-35)

Solve
(a) Solve Equation 6-33 for the work done by the rower. 
Remember that 1 /1 J sW = , and be careful to express the 
time t in seconds.

Equation 6-33:
nonconservativeP

W
t

= , so

nonconservativeW Pt=
= × = × /4.00 10 W 4.00 10 J s2 2P

= . 



 = . ×(6 00 min)

60 s
1 min

3 60 10 s2t

= × ×(4.00 10 W)(3.60 10 s)nonconservative
2 2W

 1.44 10 J 144 kJ5= × =

Figure 6-37 Power and energy in rowing These athletes are converting 
chemical energy into work and into thermal energy. S

h
er

en
e 

D
u

B
o

is

(b) We can now find the total internal change otherE∆ ,  
which is the negative of the work that the rower does. 
We know the change in the rower’s chemical energy is 

–7.20 10 Jchemical
5E∆ = ×  (this is negative because the 

chemical energy decreases). So we can find the change in 
thermal energy thermalE∆ .

Multiply Equation 6-35 by time t:
–nonconservative otherW E= ∆ , so

– –1.44 10 Jother nonconservative
5E W∆ = = ×

This is the sum of chemicalE∆  and thermalE∆ :
∆ = ∆ + ∆other chemical thermalE E E , so

∆ = ∆ ∆–thermal other chemicalE E E
= − × − − ×( 1.44 10 J) ( 7.20 10 J)5 5

= + × = +5.76 10 J 576 kJ5
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Chapter Summary      239

Reflect
In most of the world chemical energy or food energy 
is expressed in kilojoules, or kJ. In the United States 
it is expressed in food calories (symbol C), where 
1  =C 4.186 kJ. So our rower “burned” 720 kJ or 
172 food calories during the race

In accordance with the law of conservation of energy, 
we can account for 100% of the chemical energy used: 
0.200 or 20.0% went into doing work, and 0.800 or 
80.0% went into increasing the thermal energy.

Chemical energy used:

720 kJ
1 C

4 186 kJ
172 C( )

.








 =

Fraction of chemical energy that went into doing work:

144 kJ
720 kJ

0 200= .

Fraction of chemical energy that went into thermal energy:

576 kJ
720 kJ

0 800= .

GOT THE CONCEPT? 6-8 Automotive Power
The power that a gasoline engine delivers to a car’s 
wheels is roughly the same at all speeds. Is the forward 

force on the car greater at (a) low speeds or (b) high speeds? 
(Hint: Consider Equation 6-34.)

TAKE- HOME MESSAGE FOR Section 6-9
✔ Power is the rate of transferring energy from one place or 
form to another.

✔ The power delivered to an object is related to the speed 
of the object and the magnitude and direction of the applied 
force.

Key Terms
conservative force
energy
gravitational potential energy
Hooke’s law
internal energy
joule
kinetic energy

law of conservation of energy
negative work
nonconservative force
potential energy
power
spring constant
spring potential energy

thermal energy
total mechanical energy
translational kinetic energy
watt
work
work- energy theorem

Chapter Summary
Topic Equation or Figure

Work done by a force in the 
direction of displacement: If 
an object moves in a straight 
line while a constant force is 
applied in the same direction as 
the displacement, the work is 
just equal to the force times the 
displacement.

(6-1)

Magnitude of the displacement d

Work done on an object by a constant force F that points
in the same direction as the object's displacement d Magnitude of the constant force F

W = Fd
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Work done by a constant 
force at an angle θ  to the 
straight- line displacement: If 
an object moves in a straight 
line while a constant force 
is applied at some angle θ  to 
the displacement, the work is 
equal to the force times the 
displacement multiplied by the 
cosine of the angle between the 
force and displacement.

 (6-2)

Kinetic energy and the 
work- energy theorem: The 
work- energy theorem states 
that the net work done in a 
displacement — the sum of 
the work done on the object 
by individual forces — is 
equal to the change in the 
object’s kinetic energy, or 
energy of motion, during 
that displacement. This 
theorem is valid whether the 
path is curved or straight 
and whether the forces are 
constant or varying. For a 
path of any shape, the work 
done by the gravitational force 
depends only on the vertical 
displacement.

 (6-9)

(6-8)

(6-14)

The spring force and Hooke’s 
law: An ideal spring exerts 
a force that is proportional 
to how far it is stretched or 
compressed, and it is always 
opposite to the stretch or 
compression. The spring force 
is not constant, so the work 
needed to stretch or compress 
a spring is not simply the force 
magnitude multiplied by the 
displacement.

 (6-15)

(6-17)

Work done on an object by a constant force F that
points at an angle q to the object's displacement d Magnitude of the constant force F

Magnitude of the displacement dAngle between the directions of F and d

W = (F cos q)d

Kinetic energy of the object
before the work is done on it

Work done on an object by the net force on that object

Kinetic energy of the object
after the work is done on it

Wnet = Kf  − Ki

Mass of the objectKinetic energy of an object

Speed of the object

1
2

K = mv2

Work done by the gravitational force on an 
object as the object follows a curved path

Mass of 
the object

Acceleration 
due to gravity

Final y coordinate of the object 
at the end of the path

Initial y coordinate of the object 
at the beginning of the path

Wgrav = −mg(yf  − yi)

Extension of the spring (x > 0 if spring is stretched, x < 0 if spring is compressed)

Spring constant of the spring (a measure of its stiffness)Force exerted by an ideal spring

Fx = −kx

1
2

W = 1
2

kx2
2 − kx1

2

x1 = initial stretch of the spring
x2 = �nal stretch of the spring

Work that must be done on a spring
to stretch it from x = x1 to x = x2

Spring constant of the spring
(a measure of its stiffness)
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Potential energy: Unlike 
kinetic energy, potential energy 
is associated with the position 
of an object. Gravitational 
potential energy increases with 
height. The potential energy 
of a spring increases with the 
stretch or compression of the 
spring. Only conservative 
forces, for which the work 
done does not depend on the 
path taken, are associated with 
a potential energy.

 (6-18)

(6-23)

Total mechanical energy 
and its conservation: If only 
conservative forces do work on 
an object, the total mechanical 
energy is conserved. (Other 
forces can act on the object, 
but they cannot do any work.) 
The kinetic and potential 
energies can change, but their 
sum remains constant.

(6-27)

(6-28)

Generalized law of 
conservation of energy: If 
nonconservative forces do 
work, total mechanical energy 
is not conserved. If we broaden 
our definition of energy to 
include the internal energy of 
the interacting objects, then 
total energy is conserved in all 
cases.

(6-30)

Mass of the objectGravitational potential energy associated with an object

Height of the objectAcceleration due to gravity

Ugrav = mgy

Spring potential energy of a stretched or compressed spring Spring constant of the spring 

kx2Uspring =
1
2

Extension of the spring (x > 0 if spring is stretched, x < 0 if spring is compressed)

If only conservative forces do work on an object, the sum K 1 U
maintains the same value throughout the motion. This sum is
called the total mechanical energy E.

Values of the kinetic energy K of an object at two points (i and f) during its motion

Values of the potential energy U at the same two points

Ki + Ui  = Kf + Uf

Change in the kinetic energy K
of an object during its motion

Change in the potential energy U associated
with an object during its motion

∆K + ∆U = 0

If only conservative forces do work on the object, the sum of these two changes is zero:
Total mechanical energy can transform between kinetic and potential forms, but there
is no net change in the amount of total mechanical energy.

Values of the kinetic energy K of an object at two points (i and f) during its motion

Values of the potential energy U at the same two points

Ki + Ui  + Wnonconservative = Kf + Uf

If nonconservative forces do work on an object, the total mechanical
energy E = K + U changes its value.
If Wnonconservative > 0, Ef > Ei and the total mechanical energy increases.
If Wnonconservative < 0, Ef < Ei and the total mechanical energy decreases.
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(6-32)

Power: Power is the rate at 
which energy is transferred 
from one place or form to 
another place or form. If work 
is being done on an object, the 
power delivered equals the rate 
at which work is done.

(6-33)

Change in the kinetic energy K
of an object during its motion

Change in the internal energy Eother
during the object's motion

Change in the potential energy U associated
with an object during its motion

Energy can transform between kinetic, potential,
and internal forms, but there is no net change in
the amount of energy.

∆K + ∆U + ∆Eother = 0

W
t

P 5

Amount of work
done

Power P is the rate
of doing work

Time over which
that work is done

Answer to What do you think? Question
(c) The long, thick Achilles tendon on the back of an ostrich’s 
leg acts like a spring. When a running ostrich lands on one 
foot, this tendon stretches and converts kinetic energy into 
spring potential energy. When this foot subsequently leaves 

the ground, the tendon relaxes, and this stored spring energy 
is turned back into kinetic energy. Were it not for this form of 
energy storage, the ostrich’s leg muscles would have to push 
much harder with each step to maintain the animal’s motion.

Answers to Got the Concept? Questions
6-1 (a) negative, (b) positive, (c) zero, (d) positive. In (a) you 
exert a force opposite to the ball’s displacement to slow it down, 
so the work you do on the ball is negative. In (b) the force you 
exert on the ball as you throw it is in the same direction as the 
ball’s displacement, so you do positive work on the ball. In (c) 
you exert an upward force on the ball to keep it from falling, 
but there is no forward or backward force on the ball. Its dis-
placement is forward, so the force you exert is perpendicular 
to the ball’s displacement and no work is done. In (d) you must 
push the ball forward (in the direction of its displacement) to 
make it speed up, so you do positive work on the ball.

6-2 (d) The work- energy theorem equates the work done on 
an object to the change in its kinetic energy. The work done is 
proportional to the distance over which the force is applied, so 
this distance is directly proportional to the change in kinetic 
energy. When an object starts from rest, the change in kinetic 
energy (from Equation 6-9) equals the final kinetic energy, 
which is proportional to the square of the final speed. So the 
distance is proportional to the square of the final speed, and 
doubling the speed therefore requires that the force be applied 
over 2 42 =  times the distance.

6-3 (a) (i), (b) (iii). The floor exerts a greater normal force n 
on the heavy box, so the kinetic friction force k kf nµ=  is 
greater for the heavy box. Hence you must push harder on 
the heavy box to balance the greater kinetic friction force. 

You therefore do more work on the heavy box than on the 
light box because you exert a greater force over the same dis-
tance. The work- energy theorem tells us that net work done 
on both boxes is the same and equal to zero. That’s because 
both boxes have initial kinetic energy 0iK =  (they start at 
rest) and final kinetic energy 0fK =  (they end at rest), so 

– 0 – 0 0net f iW K K= = = . You do positive work on each box, 
but the floor does an equal amount of negative work through 
the kinetic friction force.

6-4 (a) From Example 6-10 the work that the athlete must do to 
stretch the cords by a distance 2x  from their relaxed state ( 01x = )  
is 0athlete on cords

1
2 2

2 1
2 1

2 1
2 2

2 1
2 2

2W kx kx kx kx= − = − = . This says 
that the work done is proportional to the square of the stretch. 
Equivalently, this says that the stretch is proportional to the 
square root of the work done. So to increase the work done by a 
factor of 2, the stretch must increase by a factor of 2.

6-5 (d) Equation 6-20 tells us that the change in gravita-
tional potential energy as the ball moves from height iy  (the 
top of the building) to height fy  (the height of the balcony) 
is ∆ = − = − = −U U U mgy mgy mg y y( )grav f i f i f i .  The dif-
ference –f iy y  is 36 m – 45 m –9 m= ; that is, the balcony  
is 9 m below the top of the building. This distance doesn’t 
depend at all on where you choose 0y = ! (If 0y =  is at the 
balcony, 9iy =  m and 0fy = , so – 0 – 9 m –9 mf iy y = = ; if 

0y =  is at the top of the building, 0iy =  and = −9 mfy , and 
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– –9 m – 0 –9 mf iy y = = .) As far as changes in gravitational 
potential energy are concerned, you can choose the level 0y =  
to be wherever you like.

6-6 (b) There is no friction, and the normal force does no 
work on the block (it always acts perpendicular to the path 
of the block). Hence only the conservative gravitational force 
does work and so total mechanical energy is conserved. Let 
point i be where the block is released and point f be where it 
stops momentarily on the right- hand side of the ramp. The 
block is not moving at either point, so 0i fK K= = . Equa-
tion 6-27 then says that i fU U= , which means that the grav-
itational potential energy is the same at both points. Since 

gravU mgy= , this means that the block is at the same height y 
at both points. Hence the block reaches the same height y H=  
on the right- hand side of the ramp as on the left- hand side.

6-7 (a) We learned in Section 6-6 that we can choose 0y =  to 
be wherever we like when calculating gravitational potential 
energy gravU mgy= . However, we do not have the same free-
dom when calculating spring potential energy spring

1
2

2U kx= ; 
we must choose 0x =  to be where the spring is relaxed (nei-
ther stretched nor compressed).

6-8 (a) The forward force is in the same direction as the 
car’s motion, so the power delivered is given by Equation 
6-34 with θ = = =0: ( cos 0)P F v Fv. The power P, and hence 
the product Fv, is the same at low speed and high speed, so 
the force F has a large value when the speed v has a small 
value. As a result a car powered by a gasoline engine has 
a greater forward force (and greater acceleration) when it is 
first starting from rest than it does when it’s already moving 
fast.

Questions and Problems
In a few problems you are given more data than you actually 
need; in a few other problems you are required to supply data 
from your general knowledge, outside sources, or informed 
estimate.

Interpret as significant all digits in numerical values that 
have trailing zeros and no decimal points. For all problems use 

/9 80 m s2g = .   for the free- fall acceleration due to gravity.
• Basic, single- concept problem
•• Intermediate- level problem; may require  

synthesis of concepts and multiple steps
••• Challenging problem
Example See worked example for a similar problem

Conceptual Questions

1. • Using Equation 6-2, explain how the work done on an 
object by a force can be equal to zero.

2. • Why do seasoned hikers step over logs that have fallen in 
their path rather than stepping onto them?

3. • Your roommate lifts a cement block, carries it across the 
room, and sets it back down on the floor. Is the net work 
she did on the block positive, negative, or zero? Explain your 
answer.

4. • Can the normal force ever do work on an object? Explain 
your answer.

5. • One of your classmates in physics reasons, “If there is no 
displacement, then a force will perform no work.” Suppose the 
student pushes with all of her might against a massive boul-
der, but the boulder doesn’t move. (a) Does she expend energy 
pushing against the boulder? (b) Does she do work on the 
boulder? Explain your answer.

6. • Can kinetic energy ever have a negative value? Explain 
your answer.

7. • Can a change in kinetic energy ever have a negative value? 
Explain your answer.

8. • Define the concept of “nonconservative force” in your 
own words. Give three examples.

9. • A satellite orbits Earth in a circular path at a high alti-
tude. Explain why the gravitational force does zero work on 
the satellite.

10. • Model rockets are propelled by an engine containing a 
combustible propellant. Two rockets, one twice as heavy as 
the other, are launched using engines that contain the same 
amount of propellant. (a) Is the maximum kinetic energy of the 
heavier rocket less than, equal to, or more than the maximum 
kinetic energy of the lighter one? (b) Is the speed of the heavier 
rocket just after the propellant is used up less than, equal to, or 
greater than the launch speed of the lighter one?

11. • When does the kinetic energy of a rock that is dropped 
from the edge of a high cliff reach its maximum value? Answer 
the question (a) when the air resistance is negligible and 
(b) when there is significant air resistance.

12. • Can gravitational potential energy have a negative 
value? Explain your answer.

13. • Bicycling to the top of a hill is much harder than coast-
ing back down to the bottom. Do you have more gravitational 
potential energy at the top of the hill or at the bottom? Explain 
your answer.

14. • Analyze the types of energy that are associated with the 
“circuit” that a snowboarder follows from the bottom of a 
mountain, to its peak, and back down again. Be sure to explain 
all changes in energy.

15. • A common classroom demonstration involves holding a 
bowling ball attached by a rope to the ceiling close to your 
face and releasing it from rest. In theory, you should not have 
to worry about being hit by the ball as it returns to its start-
ing point. However, some of the most “exciting” demonstra-
tions have involved the professor being hit by the ball! (a) Why 
should you expect not to be hit by the ball? (b) Why might you 
be hit if you actually perform the demonstration?

16. • Why are the ramps for people with disabilities quite long 
instead of short and steep?

17. • A rubber dart can be launched over and over again by the 
spring in a toy gun. In terms of work and energy, describe the 
entire process responsible for delivering kinetic energy to the dart.

18. • The energy provided by your electric company is not sold by 
the joule. Instead, you are charged by the kilowatt- hour (typically 
$0.25 per kWh including taxes). Explain why this makes sense 
for the average consumer. It might be helpful to read the electrical 
specifications of an appliance (such as a hair dryer or a blender).
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Multiple- Choice Questions

19. • Box 2 is pulled up a rough incline by box 1 in an arrange-
ment as shown in Figure 6-38. How many forces are doing work 
on box 2?

A. one
B. two
C. three
D. four
E. five

20. • Figure 6-39 shows four situations in which a box slides 
to the right a distance d across a frictionless floor as a result of 
applied forces, one of which is shown. The magnitudes of the 
forces shown are identical. Rank the four cases in order of 
increasing work done on the box by the force shown during 
the displacement.

21. • A box is dragged a distance d across a floor by a force 
�
F 

which makes an angle θ  with the horizontal (Figure 6-40). If 
the magnitude of the force is held constant but the angle θ  is 
increased up to 90°, the work done by the force in dragging 
the box

A. remains the same.
B. increases.
C. decreases.
D. first increases, then decreases to its initial value.
E. first decreases, then increases to its initial value.

22. • A car moves along a straight, level road. If the car’s 
velocity changes from 60 mi/h due east to 60 mi/h due west, 
the kinetic energy of the car

A. remains the same.
B. increases.
C. decreases.
D. first increases, then decreases.
E. first decreases, then increases.

1
2

Figure 6-38  
Problem 19

Case (a)
d

Case (b)
d

Case (c)
d

Case (d)
d

Figure 6-39 Problem 20

F

θ

Figure 6-40 Problem 21

23. • A boy swings a ball on a string at constant speed in a 
horizontal circle that has a circumference equal to 6 m. What 
is the work done on the ball by the 10-N tension force in the 
string during one revolution of the ball?

A. 190 J D. 15 J
B. 60 J E. 0
C. 30 J

24. • As part of a lab experiment, Allison uses an air- track cart 
of mass m to compress a spring of constant k by an amount x 
from its equilibrium length. The air track has negligible friction. 
When Allison lets go, the spring launches the cart. What cart 
velocity should she expect after it is launched by the spring?

2 ( ) ( 2 )A. B. C. D.kx m kx m k m x k m x/ / / /

25. • Adam and Bobby are twins who have the same weight. 
Adam drops to the ground from a tree at the same time that 
Bobby begins his descent down a frictionless slide. If they both 
start at the same height above the ground, how do their kinetic 
energies compare when they hit the ground?

A. Adam has greater kinetic energy than Bobby.
B. Bobby has greater kinetic energy than Adam.
C. They have the same kinetic energy.
D. Bobby has twice the kinetic energy as Adam.
E. More information is required to compare their kinetic 

energies.

26. • Three balls are thrown off a tall building with the same 
speed but in different directions. Ball A is thrown in the hori-
zontal direction; ball B starts out at 45° above the horizontal; 
ball C begins its flight at 45° below the horizontal. Which ball 
has the greatest speed just before it hits the ground? Ignore any 
effects due to air resistance.

A. ball A
B. ball B
C. ball C
D. All balls have the same speed.
E. Balls B and C have the same speed, which is greater 

than the speed of ball A.

Problems
6-2 The work that a constant force does on a moving 
object depends on the magnitude and direction of the 
force
27. • A crane lifts a 2.00 102× -kg crate at a constant rate 
through a vertical distance of 15.0 m. How much work does 
the crane do on the crate? How much work does gravity do on 
the crate? Example 6-1

28. • Sports In the 2016 Olympic games, Deng Wei set a wom-
en's record of 147 kg in the clean and jerk. How much work 
did she do on the weights in lifting them above her head, a 
change in height of approximately 1.60 m? Example 6-1

29. • A 350-kg box is pulled 7.00 m up a 30.0° inclined plane 
by an external force of 5.00 103×  N that acts parallel to the 
frictionless plane. Calculate the work done by (a) the external 
force, (b) gravity, and (c) the normal force. Example 6-3

30. • Three clowns try to move a 3.00 102× -kg crate 12.0 m to 
the right across a smooth, low- friction floor. Moe pushes to the 
right with a force of 5.00 102×  N, Larry pushes to the left with 
3.00 102×  N, and Curly pushes straight down with 6.00 102×  
N. Calculate the work done by each of the clowns. Example 6-3
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31. • An assistant for the football team carries a 30.0-kg 
cooler of water from the top row of the stadium, which is 
20.0 m above the field level, down to the bench area on the 
field. (a) If the speed of the cooler is constant throughout the 
trip, calculate the work done by the assistant on the cooler of 
water. (b) How much work is done by the force of gravity on 
the cooler of water? Example 6-1

32. •• A statue is crated and moved for cleaning. The mass of 
the statue and the crate is 150 kg. As the statue slides down a 
ramp inclined at 40.0°, the curator pushes up, parallel to the 
ramp’s surface, so that the crate does not accelerate 
 (Figure 6-41). If the statue slides 3.0 m down the ramp, and 
the coefficient of kinetic friction between the crate and the 
ramp is 0.54, calculate the work done on the crate by each of 
the following: (a) the gravitational force, (b) the curator, (c) the 
friction force, and (d) the normal force between the ramp and 
the crate. Example 6-3

6-3 Kinetic energy and the work- energy theorem give us 
an alternative way to express Newton’s second law
33. • A 1250-kg car moves at /20 0 m s. . How much work must 
be done on the car to increase its speed to 30.0 m/s? Example 6-4

34. • A bumblebee has a mass of about 0.25 g. If its speed is 
/10 0 m s. , calculate its kinetic energy. Example 6-4

35. • A small truck has a mass of 2100 kg. How much work is 
required to decrease the speed of the vehicle from /22 0 m s.  to 

/12 0 m s.  on a level road? Example 6-4

36. • An 8500-metric- ton freight train is out of control and 
moving at 90 km/h on level track. How much work must a 
superhero do on the train to bring it to a halt? Example 6-4

37. • A box with mass 6.00=m  kg is pushed 15.0=x  m 
across a level floor by a constant applied force 12.0 N=F .  
The coefficient of kinetic friction between the box and the floor 
is 0.150 (a) Assuming the box starts from rest, what is the final 
velocity of the box at the 15.0-m point? (b) If there were no fric-
tion between the box and the floor, what applied force would be 
required to give the box the same final velocity? Example 6-4

6-4 The work- energy theorem can simplify many 
 physics problems
38. • A force of 1200 N pushes a man on a bicycle forward. 
Air resistance pushes against him with a force of 800 N. If he 
starts from rest and is on a level road, how fast will he be mov-
ing after 20.0 m? The mass of the bicyclist and his bicycle is 
90.0 kg. Example 6-5

40°

3 m

mk = 0.54

Figure 6-41 Problem 32

39. •• A book slides across a level, carpeted floor at an initial 
speed of /4 00 m s.  and comes to rest after 3.25 m. Calculate the 
coefficient of kinetic friction between the book and the carpet. 
Assume the only forces acting on the book are friction, weight, 
and the normal force. Example 6-7

40. •• Calculate the final speed of the 2.00-kg object that is 
pushed for 22.0 m by a 40.0-N force directed 20.0° below the 
horizontal on a level, frictionless floor (Figure 6-42). Assume 
the object starts from rest. Example 6-6

41. • A 325-g model boat facing east floats on a pond. The 
wind in its sail provides a force of 1.85 N that points 25° north 
of east. The force on its keel is 0.782 N pointing south. The 
drag force of the water on the boat is 0.750 N toward the 
west. If the boat starts from rest and heads east, how fast is it 
moving after it travels for a distance of 3.55 m? Example 6-6

42. • Sports A catcher in a baseball game stops a pitched ball 
originally moving at /44.0 m s at the moment it first comes 
into contact with his glove. After contacting the glove, the ball 
traveled an additional 12.5 cm before coming to a complete 
stop. The mass of the ball is 0.145 kg. What is the magnitude 
of the average force that the glove imparts to the ball during 
the catch?  Comment on the force that the catcher’s hand expe-
riences during the catch. Example 6-5

6-5 The work- energy theorem is also valid for curved 
paths and varying forces
43. • A sled of mass 22.0m =  kg is accelerated from rest 
on a frictionless surface to a final velocity of /12.5 m sv = . 
 Figure 6-43 displays a graph of force versus distance for the 
sled in terms of Fmax. Use the graph to help you solve for Fmax 
in terms of m, v, and numerical factors.

44. • An object attached to the free end of a horizontal spring 
of constant /450 N m is pulled from a position 12 cm beyond 
equilibrium to a position 18 cm beyond equilibrium. Calculate 
the work the spring does on the object. Example 6-9

45. • A 5.00-kg object is attached to one end of a horizontal spring 
that has a negligible mass and a spring constant of /250 N m . The 
other end of the spring is fixed to a wall. The spring is compressed 
by 10.0 cm from its equilibrium position and released from rest. 
(a) What is the speed of the object when it is 8.00 cm from equi-
librium? (b) What is the speed when the object is 5.00 cm from 

22.0 m
40.0 N

2.00 kg
at rest v = ?

2.00 kg
20°

Figure 6-42 Problem 40

Figure 6-43 Problem 43

Fmax

F(x) N

10 20 30 40 50 60 70 80 90 100
x (m)

10 20 30 40 50 60 70 80 900 1000
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equilibrium? (c) What is the speed when the object is at the equi-
librium position? Example 6-9

46. • A pendulum is constructed 
by attaching a small metal ball to 
one end of a 1.25-m- long string that 
hangs from the ceiling (Figure 6-44). 
The ball is released when it is raised 
high enough for the string to make 
an angle of 30.0° with the vertical. 
How fast is it moving at the bottom 
of its swing? Does the mass of the 
ball affect the answer? Example 6-8

47. • Logan is standing on a dock holding on to a rope swing that 
is 4 m long and suspended from a tree branch above  (Figure 6-45). 
The rope is taut and makes a 30° angle with the vertical direction.  
Logan swings in a circular arc until he releases the rope when 
it makes an angle of 12° from vertical, but on the other side. If 
Logan’s mass is 75 kg, how much work does gravity do on him up 
to the point where he releases the rope? Example 6-8

do on her as she rounds this curve from point A to point B? 
Example 6-8

6-6 Potential energy is energy related to an object’s 
position
52. • What is the gravitational potential energy relative to the 
ground associated with a 1.00-N Gravenstein apple hanging 
from a limb 2.50 m above the ground? Example 6-10

53. • Pilings are driven into the ground at a building site by 
dropping a 2000-kg object onto them. What change in gravita-
tional potential energy does the object undergo if it is released 
from rest 18.0 m above the ground and ends up 2.00 m above 
the ground?  Example 6-10

54. • A 40.0-kg boy steps on a skateboard and pushes off 
from the top of a hill. What change in gravitational potential 
energy takes place as the boy glides down to the bottom of the 
hill, 4.35 m below the starting level? Example 6-10

55. • How much additional potential energy is stored in a 
spring that has a spring constant of /15 5 N m.   if the spring 
starts 10.0 cm from its unstretched length and ends up 15.0 cm 
from its unstretched length?

56. • A spring that has a spring constant of /2.00 10 N m2×  
is oriented vertically with one end on the ground. (a) What 
distance must the spring compress for a 2.00-kg object placed 
on its upper end to reach equilibrium? (b) By how much does 
the potential energy stored in the spring increase during the 
compression?

57. • An external force moves a 3.50-kg box at a constant 
speed up a frictionless ramp (Figure 6-47). The force acts in a 
direction parallel to the ramp. (a) Calculate the work done on 
the box by this force as it is pushed up the 5.00-m ramp to a 
height of 3.00 m. (b) Compare the value with the change in 
gravitational potential energy that the box undergoes as it rises 
to its final height. Example 6-10

58. • Over 630 m in height, the Burj Khalifa is the world’s 
tallest skyscraper. What is the change in gravitational poten-
tial energy of a $20 gold coin (33.5 g) when it is carried 

Figure 6-46 Problem 51

A

W E

N

S
B

Wind

F

v

3.00 m

3.50 kg

5.00 m

Figure 6-47 Problem 57

Figure 6-44 Problem 46

v = ?

30°
1.25 m

Figure 6-45 Problem 47

30°

12°

48. • Jack and Jill, whose masses are identical, go up a 
300-m hill to fetch a pail of water. Jack climbs a sheer rock 
face to reach the top, while Jill follows a meandering path 
835 m long. What is the magnitude of the difference between 
the work Jack and Jill do against gravity to get to the top? 
Example 6-8

49. • Wei drags a heavy piece of driftwood for 910 m along 
an irregular path. If Wei ends 750 m from where he started 
and exerted a constant force of 625 N, parallel to his path, the 
entire time, how much work did he do? Example 6-8

50. • Earth orbits the Sun at a radius of about 1.5 10 km8× .  
At this distance the force of gravity on Earth due to the Sun 
is 3.6 10 N22× . Assuming Earth’s orbit to be perfectly circu-
lar, how much work does the Sun’s gravity do on Earth in one 
year? Example 6-8

51. •• Mikaela is out for a bike ride on a breezy day. The 
wind blows out of the west such that it exerts a constant drag 
force of 115 N pointing east. Initially riding north on flat 
roads, Mikaela traverses a 1.2-km- long circular arc at a con-
stant speed that ends with her heading directly into the wind; 
the arc is a quarter circle that starts pointing north and ends 
pointing west (Figure 6-46). How much work does the wind 
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from ground level up to the top of the Burj Khalifa? Neglect 
any slight variations in the acceleration due to gravity. 
Example 6-10

59. • For a great view and a thrill, check out EdgeWalk at the 
CN Tower in Toronto, where you can walk on the roof of the 
tower’s main pod, 356 m above the ground. What is the grav-
itational potential energy relative to the surface of Earth of a 
65.0-kg sightseer on EdgeWalk? Neglect any slight variations 
in the acceleration due to gravity. Example 6-10

60. • A spring that is compressed by 12.5 cm stores 3.33 J of 
potential energy. Determine the spring constant.

6-7 If only conservative forces do work, total mechani-
cal energy is conserved

6-8 Energy conservation is an important tool for  
solving a wide variety of problems
61. • Sports A baseball player throws a ball at a nearby boul-
der. The ball hits the boulder with a speed of 40.0 m s/  and then 
bounces straight up to a height of 12.0 m. Assuming that the 
rotational motion of the ball is negligible, what fraction f of 
the ball’s initial mechanical energy was dissipated in the colli-
sion with the boulder? Example 6-12

62. • A ball is thrown straight up with an initial speed of 
/15 0 m s. . At what height will the ball have one- half of its ini-

tial speed? Example 6-11

63. • A water balloon is thrown straight down with an initial 
speed of /12 0 m s.  from a second- floor window, 5.00 m above 
ground level. How fast is the balloon moving when it hits the 
ground? Example 6-11

64. • A gold coin (33.5 g) is dropped from the top of the Burj 
Khalifa building, 630 m above ground level. In the absence 
of air resistance, how fast would it be moving when it hit the 
ground? Example 6-11

65. •• Starting from rest, a 30.0-kg child rides a 9.00-kg sled 
down a frictionless ski slope. At the bottom of the hill, her 
speed is /7 00 m s. . If the slope makes an angle of 15.0° with the 
horizontal, how far did she slide on the sled? Example 6-11

66. •• Sports During a long jump Olympic champion Carl 
Lewis’s center of mass rose 1.2 m from the launch point to the 
top of the arc. What minimum speed did he need at launch if 
he was traveling at /6 6 m s.  at the top of the arc? Example 6-11

67. • An ice cube starts at rest at point A, and slides down a 
frictionless track as shown in Figure 6-48. Calculate the speed 
of the cube at points B, C, D, and E. Example 6-11

68. • A driver slams on the brakes, leaving 88.0-m- long skid 
marks on the level road as the car comes to a stop. The coeffi-
cient of kinetic friction is estimated to be 0.480. How fast was 
the car moving when the driver hit the brakes? Example 6-11

yA = 5 m

A

B

C

D
E

yB = 3 m
yC = 2 m

yD = 3 m
yE = 4 m

Figure 6-48 Problem 67

69. •• A 65.0-kg woman steps off a 10.0-m diving platform 
and drops straight down into the water. If she reaches a depth 
of 4.50 m, what is the average resistance force exerted on her 
by the water? Ignore air resistance. Example 6-11

70. •• A skier leaves the starting gate at the top of a ski jump 
with an initial speed of /4 00 m s.  (Figure 6-49). The starting 
position is 120 m higher than the end of the ramp, which is 
3.00 m above the snow. Find the final speed of the skier if he 
lands 145 m down the 20.0° slope. Assume there is no friction 
on the ramp, but air resistance causes a 50% loss in the final 
kinetic energy. Example 6-11

Figure 6-49 Problem 70

Starting gate

3.00 m
145 m

20°

120 m

4.00 m/s

Landing point

v

Figure 6-50 Problem 72

71. • An 18.0-kg suitcase falls from a hot- air balloon that is at 
rest at a height of 385 m above the surface of Earth. The suit-
case reaches a speed of /30 0 m s.  just before it hits the ground. 
Calculate the percentage of the initial energy that is “lost” to 
air resistance. Example 6-12

72. •• An ideal spring is used to stop blocks as they slide 
along a table without friction (Figure 6-50). A 0.85-kg block 
traveling at a speed of /2.1 m s can be stopped over a distance 
of 0.15 m, once it makes contact with the spring. What dis-
tance would a 1.3-kg block travel after making contact with 
the spring, if the block were traveling at a speed of /3.3 m s? 
Example 6-13

73. • A child is ready to slide down a snow- covered slope on a 
sled. At the top of the hill, her mother gives her a push to start 
her off with a speed of /1 00 m s. . The frictional force acting 
on the sled is one- fifth of the combined weight of the child 
and the sled. If she travels for a distance of 25.0 m and her 
speed at the bottom is /4 00 m s. , calculate the angle that the 
hill makes with the horizontal. Example 6-12

74. • Neil and Gus are having a competition to see who can 
launch a marble higher in the air using his own spring. Neil 
has a firm spring ( /50.8 N mNeilk = ), but it can be compressed 
only a maximum of 14.0 cmNeil,maxy = . Gus’s spring is less 
firm than Neil’s ( /12.7 N mGusk = ), but its maximum com-
pression is greater ( 27.0 cmGus,maxy = ). Given that the mass 
of the marble is 4.5 g and ignoring the effects of air resistance, 
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who can launch the marble higher and what is the winning 
height? Assume the marble starts from the same height in 
both cases when the springs are at maximum  compression. 
Example 6-13

75. • Continuing with the previous problem, what is the speed 
of the marble as it leaves each spring? Example 6-13

6-9 Power is the rate at which energy is transferred
76. • The power output of professional cyclists averages about 
350 W when climbing mountains. How much energy does a 
typical 70-kg pro cyclist expend climbing a 12.3-km- long 
mountain road with a 3.9° average slope at an average speed of 

/22.5 km h? Example 6-14

77. • One of the fastest elevators in the world is found in the 
Taipei 101 building. It ascends at 16.83 m/s and rises 382.2 m. 
Each elevator has a maximum load capacity of 1600 kg. What 
power is required to raise a maximum load from the lowest 
level to the top floor? Example 6-14

78. • Neglecting extraneous factors like wind resistance, and 
given that the human body is only about 25% efficient, how 
much power must an 80.0-kg runner produce to run at a con-
stant speed of 3. /75 m s up an 8.0° incline? Example 6-14

79. • A tower crane has a hoist motor rated at 167 hp. 
Assuming the crane is limited to using 70% of its maximum 
hoisting power for safety reasons, what is the shortest time 
in which the crane can lift a 5700-kg load over a distance of 
85 m? Example 6-14

General Problems

80. • The data below represent a changing force that acts 
on an object in the x direction (the force is parallel to the dis-
placement). Graph F versus x using a graphing calculator or a 
spreadsheet. Calculate the work done by the force (a) in the first 
0.100 m, (b) in the first 0.200 m, (c) from 0.100 to 0.200 m, 
and (d) for the entire motion (for 0 0.250 m< <x ).

x  (m) F (N) x  (m) F (N) x  (m) F (N)

0 0.00 0.0900 12.00 0.180 12.50

0.0100 2.00 0.100 12.48 0.190 12.50

0.0200 4.00 0.110 12.48 0.200 12.50

0.0300 6.00 0.120 12.48 0.210 12.48

0.0400 8.00 0.130 12.60 0.220 9.36

0.0500 10.00 0.140 12.60 0.230 6.24

0.0600 10.50 0.150 12.70 0.240 3.12

0.0700 11.00 0.160 12.70 0.250 0.00

0.0800 11.50 0.170 12.60

81. • Starting from rest a 75.0-kg skier skis down a slope 
8.00 × 102 m long that has an average incline of 40.0°. The 
speed of the skier at the bottom of the slope is /20.2 m s. How 
much work was done by nonconservative forces? Example 6-5

82. • You push a 20.0-kg crate at constant velocity up a ramp 
inclined at an angle of 33.0° to the horizontal. The coefficient 
of kinetic friction between the ramp and the crate kµ  is equal 
to 0.200. How much work must you do to push the crate a 
distance of 2.00 m? Example 6-7

83. •• A 12.0-kg block (M) is released from rest on a fric-
tionless incline that makes an angle of 28.0°, as shown in 
 Figure 6-51. Below the block is a spring that has a spring constant 
of /13,500 N m. The block momentarily stops when it compresses 
the spring by 5.50 cm. How far does the block move down the 
incline from its release point to the stopping point? Example 6-13

M

q

Figure 6-51 Problem 83

84. •• Sports A man on his luge (total mass of 88.0 kg) 
emerges onto a horizontal straight track at the bottom of 
a hill with a speed of /28 0 m s. . If the luge and rider slow 
at  a  constant rate of /2 80 m s2. , what is the total work 
done on them by the force that slows them to a stop? 
 Example 6-5

85. • Biology An adult dolphin is about 5.00 m long and 
weighs about 1600 N. How fast must he be moving as he 
leaves the water in order to jump to a height of 2.50 m? Ignore 
any effects due to air resistance. Example 6-10

86. • A 3.00-kg block is placed at the top of a track consist-
ing of two frictionless quarter circles of radius 2.00 mR =  
connected by a 7.00-m- long, straight, horizontal surface 
 (Figure 6-52). The coefficient of kinetic friction between 
the  block and the horizontal surface is 0.100kµ = . The 
block is released from rest. What maximum vertical height 
does the block reach on the right- hand section of the track? 
Example 6-11

87. • An object is released from rest on a frictionless ramp of 
angle 60.01θ = °, at a (vertical) height 12.0 m1H =  above the 
base of the ramp (Figure 6-53). The bottom end of the ramp 
merges smoothly with a second frictionless ramp that rises at 
angle 37.02θ = °. (a) How far along the second ramp does the 
object slide before coming to a momentary stop? (b) When the 
object is on its way back down the second ramp, what is its 
speed at the moment that it is a (vertical) height 7.00 m2H =  
above the base of the ramp? Example 6-10

R

x = 0

Figure 6-52 Problem 86

H1

H2q2q1

Figure 6-53 Problem 87
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88. •• Biology An average froghopper insect has a mass of 
12.3 mg and reaches a maximum height of 290 mm when its 
takeoff angle is 58.0° above the horizontal. What is the takeoff 
speed of the froghopper? Example 6-10

89. ••• A 20.0-g object is placed against the free end 
of a  spring (k equal to /25 0 N m. ) that is compressed 
10.0 cm (Figure 6-54). Once released, the object slides 
1.25 m across the tabletop and eventually lands 1.60 m 
from the edge of the table on the floor, as shown. Is there 
friction between the object and the tabletop? If there is, 
what is the coefficient of kinetic friction? The sliding dis-
tance on the tabletop includes the 10.0-cm compression of 
the spring, and the tabletop is 1.00 m above the floor level. 
Example 6-13

(c) What was the average mass of water per dam and the 
average volume of water per dam that provided the mechan-
ical energy to generate the electricity? (The density of water 
is /1000 kg m3.) (d) A gallon of gasoline contains 45.0 10 J6×  
of energy. How many gallons of gasoline did the 4138 dams 
save? Example 6-14

93. ••• Astronomy Violent gas eruptions have been observed 
on Mars, where the acceleration due to gravity is /3 7 m s2. .  
The jets throw sand and dust about 75.0 m above the sur-
face. (a) What is the speed of the material just as it leaves the 
surface? (b) Scientists estimate that the jets originate as high- 
pressure gas speeds through vents just underground at about 

/160 km h . How much energy per kilogram of material is lost 
due to nonconservative forces as the high- speed matter forces 
its way to the surface and into the air? Example 6-12

94. • A 3.00-kg block is sent up a ramp of angle θ  equal to 
37.0° with an initial speed /20.0 m s0v = . Between the block 
and the ramp, the coefficient of kinetic friction is µ = 0.50k , 
and the coefficient of static friction is 0.80sµ = . How far up 
the ramp (measured along the ramp) does the block go before 
it comes to a stop? Example 6-5

95. ••• A small block of mass M is placed halfway up on 
the inside of a vertical, frictionless, circular loop of radius R 
 (Figure 6-55). The size of the block is very small compared to 
the radius of the loop. Determine an expression for the mini-
mum downward speed with which the block must be released 
to guarantee that it will make a full circle. Example 6-10

1.00 m

1.25 m

1.60 m

Figure 6-54 Problem 89

R

Figure 6-55 Problem 95

96. •• Niagara Falls in Canada has the highest flow rate of 
any waterfall in the world with a height of more than 50 m. 
The total average flow rate of the falls is /2400 m s3  and its 
average height is 51 m. Given that the density of water is 
1000 kg/m3, calculate the average power output of Niagara 
Falls.

97. •• The Carmatech SAR12 pneumatic air rifle can acceler-
ate a 3.0-g paintball from zero to 280 ft/s over a barrel length 
of 20 in. Calculate the average amount of power delivered to 
the paintball when fired.

90. •• A 1.00-kg object is attached by a thread of negligible 
mass, which passes over a pulley of negligible mass, to a 2.00-kg  
object. The objects are positioned so that they are the same 
height from the floor and then released from rest. What are 
the speeds of the objects when they are separated vertically by 
1.00 m? Example 6-10

91. •• Gravel- filled runaway truck lanes are designed to stop 
trucks that have lost their brakes on mountain grades. Typi-
cally such a lane is horizontal (if possible) and about 35.0 m 
long. We can think of the ground as exerting a frictional drag 
force on the truck. If a truck enters the gravel lane with a speed 
of 55.0 mi/h ( /24 6 m s. ), use the work- energy theorem to find 
the minimum coefficient of kinetic friction between the truck 
and the lane to be able to stop the truck. Example 6-5

92. ••• In 2006, the United States produced 282 109×  
kilowatt- hours (kWh) of electrical energy from 4138 hydro-
electric plants (1.00 kWh 3.60 10 J6= × ). On average each 
plant is 90% efficient at converting mechanical energy to 
electrical energy, and the average dam height is 50.0 m. (a) 
At 282 109×  kWh of electrical energy produced in one year, 
what is the average power output per hydroelectric plant? (b) 
What total mass of water flowed over the dams during 2006? 
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