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Chapter 4 Tha Lorwws of Motion

tions that a given force produces on different bodies. Suppose a force acting on a
body of mass my produces an acceleration ay, and the same foree acting on a body
produces an acceleration a.. The ratio of the two masses is defined as
e accelerations produced by the same force:

of mass m

the inmerse
—— [4.1]

If one mass is standard and known—say, 1 kg—the mass of an unknown object
can be obiained from acceleration measurements. For example, if the standard
I-kg mass undergoes an acceleration of 3 m/s? under the influence of some force,
2-kg mass will undergo an acceleration of 1.5 m/s* under the action of the same
force

Mass is an inherent property of a body, independent of the body's sur-
roundings and of the method used to measure it. [t is an experimental fact that
mass is a scalar quantity. Finally, mass is a quantity that obeys the rules of
ordinary arithmetie. That is, several masses can be combined in simple numerical
fashion. For example, if vou combine a S-kg mass with a 5-kg mass, their total mass
15 8 kg, This can be verified experimentally by comparing the acceleration of each
object produced by @ known lorce with the acceleration of the combined system
e the same foree.
Mass should not be confused with weight. Mass and weight are two different
quantities. The weight of a body is equal to the magnitude of the force exerted by
the Earth on the body and varies with location. For example, a person who weighs
180 Ih on Earth weighs only about 50 Ib on the Moon. However, the mass of a bocdy
is the same everywhere. An object having a mass of 2 kg on Earth also has a mass

of 2

g on the Moon.

4.4 + NEWTON’S SECOND LAW

Newton's first law explai

what happens 1o an object when the net external force
on it is zero: It cither r Qs a1 rest or moves ina straight line with ¢ ant speed.
Newton's second law answers the question of what happens to an object that has a

nonzero net force acting on it.

> pushing a block of ice across a frictionless horizontal surface.
F, the block moves with some acceleration
the acceleration doubles. If you increase the
applied force 1o 3F, the oniginal acceleration is tripled, and so on. From such ob-
servations, we conclude that the acceleration of an object is directly proportional
to the net force acting on it.

As siated in the preceding section, the aceelerat of an object also depends
on its mass. This can be understood by considering the following set of experiments.
I you apply a force F 1o a block of ice on a frictionless surface, the block will
1 s of the block is doubled, the same applied

Imagine you ai
When vou exert some horizontal

a. If you apply a force wwice as larg

lergo some acceleration a. If t

a/2 If the mass is tripled, the same applied force
i . ane on. We conclude that the acceleration of
ci is inversely proportional to its mass.

roduce an acceler

e an acceleration a

44  Newton's Second Law

These observations are summarized in Newton's second law:

The acceleration of an object is directly proportional to the net for
on it and inversely proportional to its mass.

Thus, we can relate mass and force through the following mathematical stat

of Newton's sccond law;?

3F = ma [4.2]

You should note that Equation 4.2 is a vecfor expression and hence is equivalent
to the following three component equ

XF,=ma, ZXF,=ma, XF,= ma, [4.3]

Units of Force and Mass

The SI unit of force is the mewton, which is defined as the force thar, when acting
on a 1-kg mass, produces an aceeleration of 1 m/s*. From this definition and New-
ton's second law, we see that the newton can be expressed in terms of the funda-
mental units of mass, length, and time:

IN=1kg m/s 4]

The units of force and mass are summarized in Table 4.1. Most of the
calculations we shall make in our study of mechanics will be in SI units. Conversion
factors between the three systems are given in Appendix A

Thinking Physics 2

nee of standing in an clevator that acceleraes

You have most likely had the experi
upward as it leaves to move tows is case, vou feel heavier, If you
are standing on a bathroom scale at il torce larger than your
weight, Thus, you have actile and measured evidence that lead you to believe that vou

1 a higher floor. In

celeration upward, the floor or
than your weight. It is this lar force that feel, which you interpret
heavier. A bathroom scale reads this upward foree, not your we

as feeling
1, 50 its reading also

Increases

TABLE 4.1 Units of Force, Mass, and Acceleration*

Systems of U Mass Acceleration Force

sl ke mys? N = kg -m/s

CHS g dyne = g-cm/y

British engineering shug Ib = slug- fi/s*
1N = 107 dyne 1225 b,

nly when the speed of the object is much | i the speed of light. We will

sitation in Chapier 9

87

* Newton's second law

* Newton's second law—
component form

* Definition of a newton
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Chapter 4 The Laws of Motion

ke s
In a wrain, the cars are connected by couplers, The couplers between the cars are under
tension a8 the train is pulled by the locomaotive in the front. As you move from the
locomotive w the caboose, does the tension force in the couplers inerease, decrease, or
stay the same as the wain speeds up? What if the engineer applies the brakes, so that
the couplers are under compression? How does the compression force vary from lo-
comotive o caboose in this

e

Reasening The tension force deowases from the front of the wain o the back, The
coupler between the locomaotive and the first car must apply enough force to accelerate
all of the remaining cars. As we move back along the train, each coupler is accelerating
less mass behind ir. The last coupler only has to accelerate the caboose, so it is under
the least tension. If the brakes are applied, the couplers are under compression. The
force of compression decreases from the front 1o the back of the train in this case also,
The first conpler, at the back of the locon ust apply a lirge force 1o slow down
all of the r ning cars, The final coupler must only apply a force large enough 1w
slow down the mass of the caboose.

1
Exampl

g Hockey Puck

A hockey puck with a mass of 0,30 kg slides on the horizontal The resultant force in the y direction is

rictionless surface of an ice rink. Two forces act on the puck

as shown in Figure 4. The force F; has a magnitsde of
50N, and F, has a magnitde of 80 N. Determine the ac-

ion of the puck

celen

Solution

SF

e 4.1) An Ghject moving on a frictionless

wee in the x direction is

3 F,=F, + B, = —F sin 20° + K, sin 60°
= = (5.0 N)(0.342) + (B.0 N)(0.866) = h2 N

Now we can use Newton's second law in component form o
finel the ¥ and y components of acceleration:

F. 5F, 897N e
3 @ty = — = —— = O m/s"
m 0.30kg
F BON :
¥ 5.2
K = BON a4 - — = 17 m/s*

0.3 kg

The acceleration has a magnitude of

i a=+ (297 + (17 m/s* = M m/s*

and s direction is

7
0= tan""' (f-) =@n ! (—)—;) = 31°
a, 2

relative 1o the positive x axis.

e direction of the sewultani force,

EXERCISE 1 Determine the components of a third force

cos 20° + F, cos 60° that, when applied to the puck, will cause it to be in equilib-

(BONWOSD) = 8T N rium. F,= —8. 3

CERCISE 2 A 6.0-kg object undergoes an acceleration of 2.0 m/s*. {a) What is the mag-
applied o a
0 m/s*

1e objectz (b) If this same force i
er (@) 12N (b)

e of the resulant force acting

il

acceleration does it |

ihject, wha

45  The Graviational Force and Weight

EXERCISE 3 An 1800-kg car is traveling in a straight line with a speed of 25.0 m/s. What is
the magnitude of the constant horizontal force that is needed o bring the car 1o rest in a
distance of 80.0 m? TO30 N

4.5 + THE GRAVITATIONAL FORCE AND WEIGHT

We are well aware of the fact that all objects are attracted to the Earth. The force
exerted by the Earth on an object is the gravitational force F_ (Fig. 4.5). This force
is directed toward the center of the Earth.® The magnitude of the gravitational
force is called the weight of the object, w.

We have scen that a freely falling object experiences an acceleration g directed
toward the center of the Earth. Applying Newton's second law to a freely falling
object of mass m, we have F = ma. Because F, = mg, it follows that a = g and

w = mg [4.5]

Because it depends on g, weight varies with geographic location. (You should
not confuse the italicized symbol g that we use for gravitational accel n with
the symbol g thar is used for grams.) Bodies weigh less at higher altitudes than at
sea level because g decreases with increasing distance from the center of the Earth.
Hence, weight, unlike mass, is not an inherent property of a body. For example, if
a body has a mass of 70 kg, then its weight in a location where g =980 m/s* is
mg = 686 N (about 154 1b). At the top of a mountain where g = 9.76 m/s%, the

Figure 4.5 The only force acting on an
object in free fall is the gravitational foree,
F.. The magnitude of this force is the
weight of the object, mg.

bution of the Earth is no

*This statement i a simplification in that it ignores

pestectly sphencal

Astromant Edwin E. Aldrin, Jr.,
walking on the Moon after the
Apolio 11 Tur
weight of th
Moon is less than it is on Earth bt

landing. The

stromaut on the

his mass remains the same.  [Cour
texy of NASA)
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A statement of Newton's third =
law

Chapter 4 The Laws of Motion

body’s weight would be 683 N. Thus, if vou want 1o lose weight without going on a
diet, climb a mountain or weigh vourself at 30 000 ft during an airplane flight.

Because w = mg, we can compare the masses of two bodies by measuring their
weights with a spring scale or balance. At a given location the ratio of the weights
of two bodies equals the ratio of their masses,

_ Mhiskig Fiouind

absence of air fricuon, itis claimed that all objects fall with the same acceleration
wvier object is pulled to the Earth with more force than a light object. Why does
the heavier object not fall faster?

Reasoning It is indeed true that the heavier object is pulled with a larger force. The
strength of the force s determined by the gravitational mass of the object. But the
resistance 10 the force and, (f e change in motion of the objec
sy and gravitational mass are chosen to
be equal in Newtonian mechanics. Thus, if an object has mwice as much mass as another,
it is pulled to the Earth with twice the force, but it also exhibits twice the resistance i
having its motion changed. These factors cancel, so that the change in motion, the
acceleration, is the same for all objects, regardless of mass.

is repre-
sented by the obje

CONCEPTUAL PROBLEM 3
e e A —

Suppose vou ing by
He tells you that he has just wor
the Earthversion of the s

Te rplanetary telephone 1o your friend, who lives on the Moon.
a newton of gold in a contest. You tell him that vou entered

ptest and also won a new f gold! Who is richer?

CONCEPTUAL PROBLEM 4
= e sessm—

A baseball of mass mis thrown upward with some initial speed. If air resistan
whi

t is the force on the ball {(a) when it reaches half its maximum height and (b} w
reaches its peak?

4.6 + NEWTON'S THIRD LAW

Newton's third law states that if two bodies certed on
hody 1 by body 2 is equal in mag

force exerted on body 2 by body |

teract, the foree

ritude but opposite ir :ction 1o the

F,=-Fy [4.6]

This law, which is illustrated in Figure 4.6a, is equiva
always occur in pairs, or that a single isolated force cannot exist. The force that
body 1 exerts on body 2 is sometimes called the action force, and the force of body
2 on body 1 is called the madtion force. In reality, either force can be labeled the
wiion or reaction force. The action force is equal in magnitude to the reaction
force and opposite in direction. In all cases, the action and reaction forces act
on different objects and must be of the same type. For example, the force acting
on a freely falling projectile is the force of the Earth on the projectile, F_, and the

4.6 Newtons Thind Law

nitude of this force is mg. The react
on the Earth, F = —F,. The reaction force, F
the projectile just as the action force, F,
However, because the Farth has such a large mass, its acceleration due o this
reaction {orce is negligibly small.

Another example of Newton’s third law in action is shown in Figu

to this force is the force of the projectile
ust accelerate the Earth toward
F, . accelerates the projectile toward the Earth.

4.6b, The
force exerted by the hammer on the nail (the action) is equal 10 and opposite the

force exerted by the nail on the hammer (the reaction). You directly experience
the law if you slam your fist against a wall or kick a football with your bare foot. You
should be able to identify the action and reaction forces in these cases

h exerts

s we mentioned carl he E:
isa TV at rest on a table, as in Figure 4.7a. the reaction force to F_ is the force the

TV exents on the Earth, F . The TV does not accelerate, because it is held up by

force F, on any object. If the object

the table. The table, therefore, exerts on the TV an upward action force, m, called

Petitioner Intel Corp., Ex. 1038
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reaction to m is the force

91
Figure 4.6  Newton's third law
() The force exerted by object 1
on ahject 2 is equal in magnitude
and apposite the force exerted by
object 2 on object 1. (b) The force

exerted by the hammer on the nail
is equal in magnitude and opposite
the force exerted by the nail on

the hammes fi
Stock Market

it The

When a TV setis
the forces acting

normal force,

ravity, F_ The
he TV

force of the TV sei o
| arth, FL, (b) The free-bod
or the TV set
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Chapter 5 Mare Applications of Newton's Lz

An athlete in the process of throwing the ham-
mer, The force exerted by the chain on the

ides the centripetal acceleration.
Only when the athlew releases the hammer
will it move along a straightdine path angent
o the circle.  (Focus on Sports)

A force causing a centripetal acceleration acts toward the center of the circular
path and causes a change in the direction of the velocity vector. In the case of a
ball rotating at the end of a string, the force exerted by the string on the ball causes
the centripeial acceleration of the ball. For a satellite in a circular orbit around the
Earth, the force of gravity causes the centripetal acceleration of the satellite, The
foree acting on a car rounding a curve on a flat road 10 cause the centripetal
acceleration of the car is the force of static friction between the tires and pavement,
and so forth. In general, a body can move in a eircular path under the influence
of various types of forces or a combination of forces.

Regardless of the type of force causing the centripetal acceleration, if the
foree acting on an object should vanish, the object would no longer move in its
circular path; instead it would move along a straight-line path tangent to the
circle. This idea is illustrated in Figure 5.6 for the case of the ball whirling in a
circle at the end of a string. If the string breaks at some instant, the ball will move
along the straight-line path tangent 1o the circle at the point at which the string
broke.

Figure 5.6 When the string breaks, the ball
maoves in the direction angent to the circu-
lar path.

0

52 Newton's Seconed Law Applied to Uniform Cirenlar Motion

Thinking Physics 3

The force causing centripetal acceleration is ofien called a centofwtal foree. We are
familiar with & variety of forces in nature—friction, gravity, normal forces, electrical

A centripetal force 1o this lisi?

forces, tension, and so on. Should we

uld ot be added o this list. This is a pitfall for many

1g the foree causing circular motion a name—centripetal force—leads
many students w consider tf
A common mistake in force diagrams is to draw in all of the usual forces and then add
another vector for the centripetal force, But it is not a seps

of our familiar forces acting in the role of causing a arcudar motion. Consider some ex-

1s & new kind of force vather than a new role for force

te force—il is simply one

ample
Far ;
whirled on the end of a string, the centripe

nitripetal force is gravity

whject sitting on @ rotating turntable, the centripetal foree is friction. For a rock

e is the tension in the siring. For an

amusement park patr r wall of a rapidly rotting circular

pressed against the ir

room, the centripetal foree is the sormal foree from the wall. In addition, the centripetal

force could be a combin;

n of two or more forces. For example, as a Ferrigwheel
rider passes through the lowest point of the ride, the centripetal force on the rider is
the difference between the normal force from the seat and the force of gravity

Thinking Physics 4
High-speed, curved roadways are bankad—that is, the roadway is tilied toward the inside
of tight curves. Why is this?

Reosoning If an automobile is rounding a curve, there must be a force providing the
1ally, this is the static friction force between the tires and

centripetal acceleration, Nor
[

rmadway, parallel o the roadway surface and perpendicular to the centerline of

the ¢ This is the only horizontal force—the weight and normal force are both ver

ion force may be larger

tical. If the curve is tight or the speed is high, the required fri

than the maximum possible friction force. In this case, Newion's first law takes over

and the car skids along a straight line, which is off the side of the curved road. This
sitnation is even more likely if the road is icy, which reduces the friciion coefficient
Banking the 1, so that it F

horizontal component toward the

roadway tilts the normal force away from the

s @

enter of the circular roadway. Thus, the normal

foree and friction work together 1o provide the needed cent al acceleration. The

larger the acceleration, the stronger the banking, in ords ide a larger com-

ponent of the normal force in the horizontal direction

As these ovclists he Tour de France ne-

gotiate 1 flar racing track, the cer
tripet, n is provided by the force
of static frictio tween the tires and the
wrack surface hel Comvermenr, Phato N
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Chapter 5 More Applications of Newton's Laws

Figure 5.14  (Conceptual Problem 5) By spreading their arms and legs and by keeping their
bodies parallel to the ground, skydi ience i air resi e lting in a mini-
mum terminal speed.  (Guy Sauvagr, Photo Researchers, Inc.}

CONCEPTUAL PROBLEM 5
i —

Consider a skydiver falling through air before reaching her terminal speed, as in Figure 5.14.
As the speed of the skydiver increases, what happens to her acceleration? What is her accel
eration once she reaches terminal speed?

5.5 *+ NUMERICAL MODELING IN PARTICLE DYNAMICS?

As we have seen in this and the preceding chapter, the study of dynamics of a
particle focuses on describing the position, velocity, and acceleration as functions
of time. Cause-and-effect relationships exist between these quantities: A velocity
causes position to change, an acceleration causes velocity to change, and an accel-
eration is the direct result of applied forces. Therefore, the study of motion usually
begins with an evaluation of the net force on the panicle.

In this section, we confine our discussion to one-dimensional motion, so bold-
face nowtion will not be used for vector quantities. If a particle of mass m moves
under the influence of a net force F, Newton's second law tells us that the accel-
eration of the particle is given by a = F/m. In general, we can then obmin the
solution 1o a dynamics problem by using the following procedure:

1. Sum all the forces on the particle to get the net force .

2. Use this force to determine the acceleration, using a = F/m.
3. Use this acceleration to determine the velocity from dv/dt = a
4. Use this velocity to determine the position from dx/dt = v

“The author is most grateful to Colonel James Head of the LS. Air Force Academy for preparing this

section.

5.5 Numerical Modeling in Particle Dynamics 127

Example 5.9 An Object Falling in a Vacuum

We can illusirate the procedure just described by considering
a particle falling in a vacuum under the influence of the force
of gravity, as in Figure 5.15.

3!

wE

particle times its acceleration (taking upward to be the posi-
tive direction):

F=ma=—mg
Thus, @ = =g a constant. Because duv/dt = a, the resulting
differential equation for velocity is dv/dt = — g which may be
integrated to give

u(l) = = gt

Then, because dx/di = v, the position of the particle is ob-
tained from another integration, which yields the well-known

result
Figure 5.15 (Example 5.9) An object falling in vacuum

under the influence of graviry.

R ing and Soluti

x(f) = xo + vyt — Lgt*

ing Newton's second law, we In this expression, x; and , represent the position and speed
set the sum of the external forces equal to the mass of the  of the particle at (= 0.

The procedure just described is straightforward for some physical situations,
such as the one described in the previous example. In the real world, however,
complications often arise that make analytical solutions for many practical situations
difficult and perhaps beyond the mathematical abilities of most students aking
introductory physics. For example, the force may depend on the position of the
particle, as in cases in which the variation in gravitational acceleration with height
must be taken into account. The force may also vary with velocity, as we have seen
in cases of resistive forces caused by motion through a liquid or gas. The force may
depend on both position and velocity, as in the case of an object falling through
air where the resistive force depends on velocity and on height (air density). In
rocket motion, the mass changes with time, so even if the force is constant, the
acceleration is not.

Another complication arises because the equations relating acceleration, ve-
locity, position, and time are differential equations, not algebraic equations. Dif-
ferential equations are usually solved using integral calculus and other special tech-
niques that introductory students may not have mastered.

So how does one proceed 1o solve real-world problems without advanced math-
ematics? One answer is to solve such problems on personal computers, using cle-
mentary numerical methods. The simplest of these is the Euler method, named
after the Swiss mathematician Leonhard Euler (1707-1783).

The Euler Method

In the Euler method of solving differential equations, derivatives are approximated
as finite differences. Considering a small increment of time, A4, the relatonship
nated as

between speed and acceleration may be appro:
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CHAPTER OUTLINE

6,1 Work Done by a Constant
Force

6.2 The Scalar Product of Two
Vectors

6.3 Work Done by a Varying Force

6.4 Kinetic Energy and the
Work-Kinetic Energy Theorem

6.5 Power

142

Work and Energy

_mhmu%hmfﬁ.nvﬁxahqumdwh
‘other forms.

h&hchmnﬂ:wemmw%themm.
of energy. We shall see that the concepts of work and energy can be applied
to the dynamics of a mechanical system without resorting to Newton's laws,
(However, it is important to note that the work-energy concepts are based
on Newton's laws and therefore do not involve any new physical principles.)
This energy approach to describing motion is especially useful when the force
acting on a particle is not constant. Because the acceleration is not constant,
we cannot apply the kinematic equations we developed in Chapter 2. Particles
in nature are often subject to forces that vary with the particles’ positions.
These forces include gravitational forces and the force exerted on a body
attached to a spring. We shall describe techniques for treating such systems
with l.lne help of an ex-

called the work-kinetic enengy
theorem, which is the central
topic of this chapter.

We begin by defining
work, a concept that pro-
vides a link between the
concepts of force and en-
ergy.

6.1 Work Deone by a Constant Force

6.1 - WORK DONE BY A CONSTANT FORCE

Almost all of the terms we have used thus far— veloaty, acceleration, force, and so
on—have conveyed the same meaning in physics as they do in evervday life. Now,
however, we encounter a term the meaning of which in physics is distinctly different
from its everyday meaning. This new term is work. Consider a particle that under-
goes a displacement d along a straight line while acted on by a constant force F,
which makes an angle 6 with d, as in Figure 6.1,

The work Wdone by an agent exerting a constant force is the product of
the component of the force along the direction of the displacement of the
point of application of the force and the magnitude of the displacement:

W= Fd cos [6.1]

From this definition, we see that a force does no work on a particle if the particle
does not move: If d = 0, Equation 6.1 gives W= 0, Also note from Equation 6.1
that the work done by a force is zero when the force is perpendicular to the dis-
placement. That is, if # = 90°, then cos 90° = 0, and W = 0. For example, in Figure
6.2, the work done by the normal force and the work done by the force of gravity
during the horizontal displacement are zero for the same reason. In general, the
particle may be moving with a constant or varying velocity under the influence of
several forces, In that case, because work is a scalar quantity, the total work done
as the particle undergoes some displacement 1s the algebraic sum of the work done
by each of the forces.

The sign of the work also depends on the direction of F relative to d. The work
done by the applied force is positive when the vector associated with the component
Fcos @is in the same direction as the displacement. For example, when an object is
lifted, the work done by the applied force is positive because the lifiing force is
upward — that is, in the same direction as the displacement.

When the vector associated with the component F cos 8 is in the direction
opposite the displacement, W is negative. In the case of the object being lifted, for
instance, the work done by the gravitational force is negative, It is important to
note that work is an energy transfer; if energy is transferred fo the system, Wis
positive; if energy is transferred from the system, Wis negative,

If an applied force F acts along the direction of the displacement, then # = 0
and cos ) = 1. In this case, Equation 6.1 gives

W= Fd 16.2]

Work is a scalar quantity, and its units are force multiplied by length
Therefore, the SI unit of work is the newton - meter (N-m). The newton - meter,
when it refers to work or energy, is called the joule ( J). The unit of work in the
cgs system is the dyne cm, also called the erg; the unit in the British engineering
system is the ft-Ib. These are summarized in Table 6.1 Note that 1 | = 107 ergs
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Figure 6.1 If an object undergoes
a displacement d, the work done
by the force Fis (Fcos #)d.

Figure 6.2 When an object is dis
placed horizontally, the normal
force m and the force of gravity mg
do no work,
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X X "

(b}

Figure 6.6 (a) The work done by
the force F, for the small displace-
ment Axis F, Ax, which equals the
area of the shaded recuangle. The
ork done for the displace-
ment from x, 1o xis approximately
equil to the sum of the areas of all
the rectangles. {b) The work done
by the variable force F, as the pari-
cle moves from x, 10 x; is exactly

total

equal to the area o

eight ifter do any work

s the weight on his

shiould, Does he do any work as

he raises 1

Chapter 6  Work and Energy

total work done for the displacement from x, to x; is approximately equal to the
sum of a large number of such terms:

H’!ﬁf,dx
-

1f the displacements Ax are allowed to approach zero, then the number of terms
in the sum increases without limit, but the value of the sum approaches a definite
value equal 1o the area under the curve bounded by F, and the x axis as in Figure
6.6b. As you probably have learned in calculus, this limit of the sum is called an
tntegral and is represented by

- B Lo
.‘].Irr_s}“é:."..\x—J‘“ F,dx

The limits on the integral, x = x, to x = x, define what is called a definite
integral. (An indefinite integral is the limit of a sum over an unspecified interval,
Appendix B.7 gives a brief description of integration.) This definite integral is nu-
merically equal to the area under the F, versus x curve between x,and x;. Therefore,
we can express the work done by F, for the displacement of the particle from x
o x; as

W= f' F, dx [6.11]

This equation reduces 1o Equation 6.1 when £, = Fcos @ is constant.

If more than one force acts on a particle, the wal work done is just the work
done by the resultant force. If we express the resultant force in the x direction as
1F,, then the net work done as the particle moves from x 1o ;is

Wie, = f L (E F,)rh [6.12]

_ Phisking Flyiied

Consider a single force that causes an object 0 {ollow a path. If the force is constant,
under what conditions can the work done over the entire path be zero? If the force is
varying, under what conditions can the work done over the entire path be zero?

Reasoning In the case of the constant force, there are several possibilities that will give
a result of zero work. One possibility is that the constant value of the force is zero, in
which case we have a tnvial result of no pushing. The second possibility for zero
work is that a nonzero force does act ot succeed in moving the object,
although this does not fit 1 the quesiion, because it is stated that the object does
move over a path. The third possibility is that the force is always perpendicular to the
path, as in the case of a planet moving in a circular orbit around a gravitational-force
center.

For the varying force, only one of the above possibilities is consistent with the

s available, because a force whose value is always

question. The zero-foree possibility is o
zero is not a varying force. The second possibility, that of zero displace
case above, does not fit with the statement that the object does move through a path.
The third possibility, in which the [orce is perpendicular to the displacement, will also
give zero work in the case of a varying force.

ent, as is the

6.3 Wark Done by a Varying Force 149

We have additional possibilities in the case of the varying force that were not avail-
able in the constant force case. One possibility is that the varving force (or a constant
force applied opposite the velocity) carries the object around a path such that the
object ends up back where it started, In this case the net work is zero, because there
was no net displacement. This is the case for a comer in an elliptical orbit around the
Sun—no net work is done by the gravitational force during one complete orbit. An-
other possibility is that the relative direction of the displacement and the € TEVErse
during the path in such a way that the area above the axis in the force-displacement
graph exactly equals the area below the axis. This is the case for an automobile accel-
erating to some speed and then braking 1o a stop. The positive work done while the
automohile is speeding up exactly equals the negative work done as the auomobile
slows back down (the equality of the positive and negative work is probably net obvious
at this point. but will be after Section 6.4).

E le 6.3 Calculating Total Work Done from a Graph

P

A force acting on a particle varies with x, as shown in Figure
6.7. Caleulate the work done by the force as the paricle
moves from x = 0 o x= 6.0 m.

Solution The work done by the force is equal 10 the area
under the curve from x = 0 to x = 6.0 m. This area is cqual
10 the area of the rectangular secuon from x=0 10 x =
4.0 m plus the area of the triangular section that extwends
from 40 m to x =650 m. The area of the rectangle is Figure 6.7 (Example 6.3) The force acting on a particle is

(4.0)(5.0) 20 ], and the area of the ngle s constant for the first 4.0 m of motion and then decreases line-
L2.00(3.0) N-m = 5.0 . Therefore, the wtal work done is  arly with x from © = 4.0 m to ¥ = 6.0 m. The net work done by
25

xim})

ce is the area under this curve

Work Done by a Spring

A common physical system for which the force varies with position is shown in
Figure 6.8. A block on a horizontal, frictionless surface is connected o a spring. If
the spring is stretched or compressed a small distance from its unstretched, or
equilibrium, con ation, the spring will exert a force on the block given by

Fo=—ix [6.15] * Spring force

where xis the displacement of the block from its unstreiched (x = 0) position and
kis a positive constant called the foree constant of the spring. As mentioned in Chap-
ter 4, Section 4.2, this force law for springs is known as Hooke's law. For many
materials, Hooke's law can be very accurate, provided the displacement is not too
large. The value of kis a

isure of the stiffness of the spring, Stff springs have
1gs have small k values,
Cquation 6.13 signifies that the force exerted by the spring

large k values, and soft spr

The negatve sign in
is always directed opposite the displacement. For example, when x > 0, as in Figure

6.8a, the spring force is 1o the left, or negative. When x < 0, as in Figure 6.8¢, the
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52, A (.178kg particle moves along the x axis from x=
12.8 m 1o x = 23.7 m under the influence of a force

ANSWERS TO CONCEPTUAL PROBLEMS

i newtons and x is in meters. Use numerical
integration and set up a spreadsheet 1w determine the weal
waork done by this force during this displacement. Your cal-
culations should have an accaracy of at least 2%.

1. Since there is no motion taking place, the rope experiences
no displacement. Thus, no work is done on it. For the same
reason, no work is being done on the pullers or the ground.
Work is only being done within the bodies of the pullers. For
example, the heart of each puller is applying forces on the
bload 1o move it through the body.
Less force will be necessary with a longer ramp. but the force
must act over a longer distane s the same amount of
work. Suppose the refrigerator is rolled up the ramp at con-
stant speed. The normal force does no work because it acts
at W 1o the motion. The work by gravity is just the weight
of the refrigerator times the vertical height through which it
is displaced times (cos 180°), or Wg = — mgh. Therefore, the
movers must do work mgh on the refiigerator, however long
the
3. IFwe
car

{h!

gnore the effects of rolling friction on the tires of the

the same amount of work would be done in ¢

ight up the mou
against gravity by the
same vertical distance in each case. If we include friction,
there is more work done in driving the swichback, since
clistance over which the fr h longer.
So why s in the force
required, not the work. The force from the engine required
1o follow a han that required w0
drive straight up the hill. Roadws ning straight uphill
would require redesigning engines so as 1o be able to apply
much larger forces. This is smilar o the ease with which

he

1 force acts is v

o wee user the switchback? The answer

le rise is much simall,

heavy objects can be rolled up ramps into moving rucks,
compared to lifting the object straight up from the ground.
If the spring is cut in half and stretched by the same distanc

coils must now be twice as far apart as
in the original stretched spring. Thus, the force applied by
the spring is twice as great for any given extension. This leads
to an increase in the spring constant by a factor of 2. Thus,

cach adjacent p

=

il the cut spring is swetched by the same amount, it must
require twice as miuch work,

We focus on the book as the systemn. You indeed did some
work in applying an upward force o lift the book. But there
is another force on the book—gravity, The work done by
gravity is neg, ce the force of gravity is opposite to the
displacemen
upward for i applied is approximately the same in
nitude as the weight of the book. Thus, the positive work
done by you and the negative work done by gravity cancel.
Thus, there is no net work performed, and no net change
in the kinetic energy—the work-kinetic energy theorem is
satisfied, If we consider the book and the Earth to be the
et work done by you on this svstem.
work a the system as potential energy, which
will be investigated in Chapter 7

When walking downstairs, a person has 10 stop the motion
of the entire body at each step. This requires work 1o be done
by the muscles, The work done by the muscles is negative,
since the forces applied are opposite to the displacements
represe g the movement of the body. Negative work rep-
resents a transfer of energy out of the muscles (from the
store of energy from the food eaten by the walker). When
walking horicontally, the body can be kept in motion with
an al stant horiz | speed—only the leet and legs
start and stop. Thus, more energy is transferred from the
body in bringing the entire body to a stop in the tip down-
stairs than in walking.
Since the time periods are the same For both cars, we need
only 1o compare the work done. Since the sports car is mov-
ing twice as [ast as the older car at the end of the time inter-
val, it has Four times the kinetic energy. Thus, according to
the work-kinetic energy theorem, four tmes as much work
was done, and the engine must have expended four times

the power

m

system, then there

/

Potential Energy and
Conservation of Energy

ciated with the motion of an object. In this chapter we introduce another

form of mechanical energy, called potential energy, that is associated with
the position or configuration of a system. The potential energy of a system
can be thought of as stored energy that can be converted 1o kinetic energy or
other forms of energy.

The potential energy concept can he used only with a special class of
forces called conservative forces. When only internal conservative forces, such
as gravitational or spring
forces, act within a system,
the kinetic energy gained
(or lost) by the system as its
members change their rel-
ative positions is compen-
sated by an equal loss (or
gain) in potential energy.

In Chapter 6 we introduced the concept of kinetic energy, which is asso-

4 Twin Falls on the Island of

water-Earth system when the
water is at the top of the folls is
converted to kinetic energy of
the water at the battem. In
many locations, this mechani-
cal energy is used to produce
electrical energy. [Bruce Byers,
FRG)

=g
72

-
ko

Potential Energy

Conservative and

Nonconservative Forces

Conservative Forces and

Potential Energy

74 Conservation of Mechanical i
Energy
7.5 Work Done by
Nonconservative Forces '
7.6 Conservation of Energy in
General
i )
7.7 Gravitational Potential Energy .W
Revisited * ol
7.8 Energy Diagrams and Stability )
Ld

of Equilibrium (Optional)
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Conservation of mechanical +
megy

Conservation of mechanical +
energy for a freely falling
body

Chapter 7 Potential Energy and Conservation of Energy

That is, the conservative internal force acting between parts of a system equals
the negative derivative of the p 1 iated with that system.

We can easily check this relationship for the two instances already discussed.
In the case of the deformed spring. U, = $kx*, and therefore

which corresponds to the restoring force exerted by the spring. In the case of an
ohject located a distance y above some reference point, the gravitational potential
energy function is given by U, = mgy, and it follows from Equation 7.11 that £, =
—mg

We now see that Uls an important function; from it can be derived the con-
servative force acting in any system. Furthermore, Equation 7,11 should clarify the
fact that adding a constant to the potential energy is unimportant, because the
location of the reference point is arbitrary.

Equation 7.11 can also be written in the form dl’ = — F dx, which, when inte-
grated between the initial and final position values, gives

= f"’f'.u [7.12]

This result, which is identical to Equation 7.6, tells us that if the conservative force
Facting on an object within a system is known as a function of x, we can calculate
the difference in the potential energy associated with the object between the initial
and final position

If more than one conservative force acts on the object, then a potential energy
function is associated with eack force. In such a case, we can apply the law of con-
servation of energy for the system as

K+SU=K+TU [7.13]

where the number of terms in the sums equals the number of conservative forces

ally, two con-

present. For exampl
servative forces act on it: the spring force and the force of gravity. (We will discuss
this situation later in a worked example.)

If the force of gravity is the only force acting on a body, then the ol mech
ical energy of the body is constant. T w of conservation of energy for
a freely falling body can be written

f a mass connected (o a spring oscillates ver

refore, th
émv;' + mgy; = éim","' + mgy, [7.14]

Thinking Physics 2

You have graduated from college and are designing roller coasters for a living. You
design a roller coaster in which a car is pulled 1o the top of a hill of height & and then
starting from a momentary rest, rolls freely down the hill and upward toward the peak
of the next hill, which is at height 1.1k Will you have a long career in this business?

Reasoning Your career will probably not be long, because this roller coaster will not
work! At the top of the first hill, the roller coaster train has no kinetic energy, and

gravitational potential energy associate h a height & If it were 1o reach the wop of

the next hill, it would have higher p ol energy, that associated with height 114

74 Comsrvation of Mechanical Energy

This would violate the principle of conservation of mechanical energy. If this coaster
were actually built, the car would move upward on the second hill 1w a height &
(ignoring the effects of friction), stop short of the peak, and then stan rolling back-
ward, becoming trapped between the mwo peaks

COMNCEPTUAL PROBLEM 1

Discuss the energy transformations that occur during the pole vault event pictured in the
tional motion

multiflash photograph shown in Figure 7.5. Ignore ro

Figure 7.5 (Concepiual Problem 1)
Multiflash photograph of a pole vault
event. How many forms of energy can
you identify in this picture? (0 Harold

E, Edgerton, Cowrtesy of Pabm Press, Ine.)

CONCEPTUAL PROBLEM 2

Three identical balls are thrown from the top of a building, all with the same initial speed.

The first ball is thrown horizontally, the second at some angle above the horizonial, and the

third at some angle below the horizontal as in Figure ting air resistance, describe

their motions and compare the speeds of the balls as they re

Figure 7.6 (Conceptual Problem 2) Three
identical balls

thrown with the same ini-

tial specd from the wp of a building.

173

Petitioner Intel Corp., Ex. 1038

[PR2023-00783




Petitioner Intel Corp., Ex. 1038
[PR2023-00783




Petitioner Intel Corp., Ex. 1038
[PR2023-00783




Petitioner Intel Corp., Ex. 1038
[PR2023-00783




Petitioner Intel Corp., Ex. 1038
[PR2023-00783




Petitioner Intel Corp., Ex. 1038
[PR2023-00783




Petitioner Intel Corp., Ex. 1038
[PR2023-00783




Petitioner Intel Corp., Ex. 1038
[PR2023-00783




Petitioner Intel Corp., Ex. 1038
[PR2023-00783




Petitioner Intel Corp., Ex. 1038
[PR2023-00783




Petitioner Intel Corp., Ex. 1038
[PR2023-00783




CHAPTER OUTLINE

8.1 Linear Momentum and lis
Conservation

B2 Impulse and Momentum

8.3 Collisions

8.4 Elastic and Inelastic Collisions
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8.5 Two-Dimensional Collisions

B The Center of Mass

8.7 Motion of a System of Particles

B8 Rocket Propulsion (Optional)
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Momentum and Collisions

given a very large initial velocity as a result of the collision; as a conse-

quence, it is able to wavel more than 100 m through the air. The ball
experiences a large change in velocity and a correspondingly large accelera-
tion. Furthermore, because the ball experiences this acceleration over a short
time interval, the average force on it during the collision is very large. As
Newton's third law predicts, the club experiences a reaction force that is equal
to and opposite the force on the ball. This reaction force produces a change
in the velocity of the club. Because the club is much more massive than the
ball, however, the change in velocity of the club is much less than the change
in velocity of the ball.

One of the main objectives of this chapter is to enable you 1o understand
and analyze such events. As a first step, we shall introduce the concept of
momentum, a term that is used in describing objects in motion. For example,
a massive foothall player is often said 1o have a great deal of momentum as
he runs down the field. A much less massive player, such as a halfback, can
have equal or greater momentum if his speed is greater than that of the more
massive player. This follows
from the fact that momen-
tum is defined as the prod-
uct of mass and velocity,

The concept of mo-
mentum leads us to a sec-
ond conservation law, that

Ccuuider what happens when a golf ball is suuck by a club. The ball is

As o result of the collision be-
tween the bowling ball and
pin, part of the ball's momen-
tum is transferred to the pin,
As @ result, the pin acquires
mamentum and kinetic energy,
and the ball loses momentum
and kinetic enargy. However,
the total momentum of the sys-
tem (ball and pin) remains con-
stant. [Ben Rose/The image Bank)

8.1  Linear Momentum and Jts Conservation 195

of conservation of momentum. This law is especially useful for treating problems
that involve collisions between objects.

8.1 - LINEAR MOMENTUM AND ITS CONSERVATION

The linear momentum of a particle of mass m moving with a velocity v is defined
1o be the product of the mass and velocity:*

J Bl f [8.1]1  * Definition of linear
momentum of a particle

Because momentum equals the product of a scalar, m, and a vector, v, it is a vector
quantity, lts direction is along v, and it has dimensions of ML/T. In the 51 system,
momentum has the units kg-m/s.

If a particle is moving in an arbitrary direction in three-dimensional space, p
will have three components, and Equation 8.1 is equivalent 1o the component equa-
tons

P = my, p= my, b= mu. [8.2]

As you can see from its definition, the concept of momentum provides a quantitative
distinction between heavy and light particles moving at the same velocity. For ex-
ample, the momentum of a bowling ball moving at 10 m/s is much greater than
that of a tennis ball moving at the same speed. Newton called the product mv
quantity of motion, perhaps a more graphic description than momentum, which comes
from the Latin word for movement.

By using Newton's second law of motion, we can relate the linear momentum
of a particle to the resultant force acting on the particle. In Chapter 4 we learned
that Newton's second law can be written as £F = ma. However, this form applies
only when the mass of the system remains constant, In situations in which the mass
is changing with time, one must use an alternative statement of Newton's second
law: The time rate of change of momentum of a particle is equal to the resultant
force acting on the particle.

(e

d_P [8.3] * Newton's second law for a
5 particle

F =

From Equation 8.3 we see that if the resultant force is zero, the ume derivative
of the momentum is zero, and therefore the momentum of any Ul_‘_}jl:L'l must be
constant, In other words, the linear momentum of an object is constant when
3F = 0. Of cour f the particle is isolated (that is, if it does not interact with its
environment), then by necessity £F = 0 and p remains unchanged.

In a certain sense, conse

aion of linear momentum is just another

ay of

stating Newton's first law. If an object is in motion, its linear momentum and, as a

=nce, its velocity do not change unless an external force acts on the system

conseq
A good example is a rocket with its engines disengaged, which coasts through space
far from any gravitational sources

This expression is nonre

stic and is valic where ¢ is the speed of ligh
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Chapter 8 Momentum and Collisions

In principle, if F is known asa f of time, the impulse can be calculated
from Equation 8.9. The calculation becomes especially simple if the force acting
on the particle is constant. In this case, F = F and Equation 8,11 becomes

I=Ap=FAt 18.12]

In many physical situations, we shall use what is called the impulse approxi-
mation: We assume that one of the Iﬂmuexeﬁedonlpuﬂdnlmhtam
mmummmwmm This approxi is
especially useful in treating collisions, where the duration of the collision is very
short. When this approximation is made, we refer to the force as an impulsive force.
For example, when a baseball is struck with a bat, the duration of the collision is
about 0.01 s, and the average fnrre the bat exerts on the ball in this ime is typically
several thousand newtons. This is much greater than the force of gravity, so the
impulse approximation is justified. It is important to remember that p, and p,
represent the momenta immediately before and afier the collision, respectively.
Therefore, in the impulse approximation very little motion of the particle takes
place during the collision.

Thinking Physics2

A race car travels rapidly around a circular race wrack at consant speed. For a
given portion of the track, what is the direction of the impulse vector? Once the car
returns 1o the starting point, there is no net change in momentum. Thus, according
to the impulse-momentum theorem, there must be no impulse, Yet a nonzero force
acted over the time interval for one rotation around the wrack. How can the impulse
be zero?

Reasoning For the movement around a short portion of the track, the direction of
the impulse vector is the same as that of the change in momentum. The direction of
ge in momentum is the same as the direction of the
vector representing the change in velocity, From our discussion of circular motion,
we know that the direction of the vector representing the change in velocity is that
of the acceleration vector, which is toward the center of the circle, because this is
uniform circular motion. Thus, the impulse vector is directed toward the center of the
circle.

If the car makes one rotation around the wack, there is indeed no net change in
ero net impulse, Keeping in mine that the force on the
car causing the ween the tires and the roadway, and
that this force is always directed toward the center of the circle, we can argue the zero
value of the total impulse. For every location of the car on the track, there is another
point of its motion diametrically opposed across the circle, at which its force vector will
be directed in the opposite direction. Thus, as we add up the vector impulses F di
around the circle, they will ¢ pairs for a net impulse of zero

momentum, so th

CONCEPTUAL PROBLEM |

I boxing matches of the nineteenth century, bare fists were used, In modern boxing, fighters
wear padded gloves. How does this better protect the brain of the boxer from injury? Boxers
often “roll with the punch.” How does this maneuver protect their health?

8.3  Callisions

Example 8.3 How Good Are the Bumpers?

In a particular crash test, an automobile of mass 1500 kg
collides with a wall, as in Figure 85 The i and final
velocities of the antomobile are v, = — 15.0i m/s and v, =
2,61 m/s. If the collision lasts for 0.150 5, find the impulse
due to the collision and the average force exerted on the
automobile.

Solution The initial and final momenta of the automobile
are

P = mv, = (1500 kg)(~ 1508 m/s) = —2.25 X 10% kg-m/s
Pr= mv, = (1500 kg) (260 m/s) = 0.39 x 10" kg-m/s
Hence, the impulse is
I=dp=p—p
= (1,39 x 10 kg-m/s = (=2.25 X 10% kg-m/s)
I= 264 % 10 kg-m/s
The average force exerted on the automobile is

- 76 % 10°i N
o rETT 1.76 % 1074

Before

=150 m/s
—

After

26Hm/s
—

Figure 8.5 (Example 8.3)

EXERCISE 4 A child bounces a superball on the sidewalk. The linear impulse delivered by
the sidewalk 1o the ball is 2.00 N-s during the 1,/800 s of contact. What is the magnitude of
the average force exerted on the ball by the sidewalk? 1.60 kN upward

EXERCISE 5 A 0.15-kg bascball is thrown with a speed of 40 m/s. It is hit straight back
at the pitcher with a speed of 50 m/s. (a) What is the impulse delivered 1o the baseball?
{b) Find the average force exened by the bat on the ball if the two are in contact for
20 % 1078 (a} 135 kg-m/s (b) 6,75 kN

8.3 + COLLISIONS

In this section we use the law of conservation of momentum to describe what hap-
pens when two objects collide. The force due to the collision is assumed to be
much larger than any external forces present.

A collision may be the result of physical contact between two objects, as de-
scribed in Figure 8.6a. This is a common observation when two macroscopic objects
such as two billiard balls or a baseball and a bat, collide. The notion of what we
ilized because “ce
gless. More accurately, contact forces between wo

mean by collision must be g

ll-defined and he

ct” on a submicroscopic scale

i c meani
bodies arise from the electrostatic interaction of the elecirons
of the bodies,

n the surface atoms

To understand this distinction between macroscopic and microscopic colli
sions, consider the collision of a proton with an alpha particle (the nucleus of the
helivm atom), such as occurs in Figure 8.6b, B

ause the two particles ar

charged, they repel each other

m,
fa)
P :
9 ;
+
- y
He'
h)
Figure 8.6 (1) The collision be-
veen two objects as the result of
antact, (b) The “collision™
setween two charged partiches
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