
Chapter 14: 
Newton’s Laws of 
Motion

Introductory Physics: A Model Approach by Robert Karplus is licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International License.



365 

The subject matter of this chapter has been anticipated in several ear-
lier sections of this text. In Section 3.4, we described inertia of motion 
and presented an operational definition of inertial mass. We introduced 
the force concept through an operational definition using a spring scale 
in Section 11.2. Finally, in Sections 13.2 and 13.3, the formal defini-
tions of acceleration and momentum extended your ability to describe 
changes of velocity and to associate the effects of inertial mass with 
motion. 

You are familiar with many examples of moving objects that interact 
with other nearby or remote objects. A few instances are the stream of 
water erupting from Old Faithful in Yellowstone Park, the arrow 
launched by the archer's bow, a sailboat racing across the wind, a stunt 
car rounding a curve on two wheels, and the entire earth orbiting 
around the sun. In Section 3.4 (as well as 11.2 and 13.2), you learned to 
interpret changes in motion as evidence of interaction. Both the erup-
tion of the water of the geyser and its return to the ground are evidence 
of interaction between the water and something else. A body moving 
with a constant velocity shows no evidence of interaction by its motion 
and is in mechanical equilibrium. It may be completely free of interac-
tion or it may be subject to compensating forces, like the skier who 
moves steadily uphill while interacting with the rope, the snow, and the 
earth (via the gravitational field). 
14.1 Background 

Galileo showed the essential similarity between a stationary object 
and an object moving at constant speed in a straight line, and he identi-
fied inertia as an key concept. Galileo systematically applied the con-
cepts of velocity and acceleration to the study of moving bodies and 
thereby began a transformation (some would say revolution) in human 
thought that was completed by Newton two generations later. In the 
intervening years, Descartes introduced the rectangular coordinate 
frame so useful for a mathematical description of relative position and 
motion (Sections 2.1 and 13.1), and Huygens investigated the forces 
acting on a pendulum in circular motion. Newton, finally, formulated 
the science of classical mechanics, a deductive system of definitions 
and assumptions (called "Newton's Laws of Motion"), which replaced 
the Aristotelian system in use until Galileo's time. The concepts of 
force, mass, momentum, and acceleration were integrated into one 
powerful theoretical framework (summarized in Table 14.1) that is still 
being refined and used for the prediction of motion in macro- and cos-
mic-domain phenomena. Only for various forms of radiation, as we 
explained in Chapters 7 and 8, was Newton's theory found inadequate 
and replaced by a wave theory in the nineteenth and twentieth centu-
ries. The justification for Newton's three laws of motion rests in their 
broad and amply-verified predictive power. 

Newton's laws lead to mathematical models for the relation among 
force, inertial mass, acceleration, and momentum. These models will 
enable you to predict the motion of bodies that are subject to known 
forces and to make inferences about the forces from observed motion. 

Isaac Newton (1642-1727) 
attended Trinity College, 
Cambridge, and obtained his 
degree in 1665. Although an 
excellent student, his early 
Cambridge years offered no 
indications of his future great-
ness. The plague of 1665-1666 
forced Newton to return to his 
home in Woolsthorpe. The se-
clusion and lack of responsi-
bilities over the next year and 
a half allowed Newton to work 
intensively by himself, with 
extraordinary results. 

By 1666, at 24, he had made 
profound discoveries in 
mathematics (binomial theo-
rem, calculus), optics (ray 
model), and mechanics. To 
this period also belongs the 
famous (though possibly un-
true) incident of the falling 
apple, the realization that the 
force of gravity reached the 
"orb of the moon," and the 
discovery of the inverse sec-
ond power law of gravita-
tional attraction. 

Returning to Cambridge, 
Newton continued his study of 
planetary motions as a prob-
lem in physics. Unfortunately, 
controversy with Huygens and 
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TABLE 14.1  DEFINITIONS AND LAWS IN NEWTON'S THEORY 

Concept As stated by Newton As stated in this text 

gravitational 
mass 

The quantity of matter 
is the measure of the 
same, arising from its 
density and bulk con-
junctly. 

Gravitational mass of an 
object is measured by the 
number of standard units 
of mass that are required 
to balance the desired 
object on an equal-arm 
balance. 

velocity not stated. Average velocity is the 
ratio of the displacement 
divided by the time inter-
val required for the dis-
placement. 

momentum The quantity of motion 
is the measure of the 
same, arising from the 
velocity and quantity 
of matter conjointly. 

Momentum is the product 
of inertial mass multiplied 
by instantaneous velocity. 

inertia The inertia, or innate 
force of matter, is a 
power of resisting, by 
which every body, as 
much as in it lies, en-
deavours to persevere 
in its present state, 
whether it be of rest, 
or of moving uni-
formly forward in a 
right line. 

Inertial mass is measured 
by the number of standard 
units of mass that are re-
quired to give the same 
rate of oscillation of an 
inertial balance. 

force An impressed force is 
an action exerted upon 
a body, in order to 
change its state, either 
of rest, or of moving 
uniformly forward in a 
right line 

Force is measured by a 
standard spring scale. 
The scale reading indi-
cates the magnitude of 
the force. The direction 
of the force is related to 
the direction of the 
spring scale. 

Law 1 Every body perseveres 
in its state of rest, or 
of uniform motion in a 
right line, unless it is 
compelled to change 
that state by forces im-
pressed thereon. 

Every particle persists in 
its state of rest or of uni-
form, unaccelerated mo-
tion in a straight line 
unless it is compelled to 
change that state by the 
application of an external 
net force. 

Hooke discouraged Newton, an 
extraordinarily sensitive  person-
ality, from publishing his results. 
Other scientists were also work-
ing on the same problems but had 
hit a variety of dead ends. In par-
ticular, no one had been able to 
demonstrate a rigorous mathe-
matical connection between the 
observed elliptical shape of the 
planets' orbits and the depend-
ence of the strength of gravita-
tional attraction (the force) on 
the distance between the planet 
and the sun. 

The geometrical properties of 
the ellipse had been well known 
since ancient times. As a planet 
moves along an elliptical path, 
the distance to the sun (located at 
one focus) changes, and the ac-
tual shape of the orbit seemed to 
have a close connection with the 
variation in the force on the 
planet as the distance to the sun 
changes. However, there were 
enormous mathematical difficul-
ties involved in demonstrating 
this connection;  the best mathe-
maticians and "natural philoso-
phers" (as physicists were 
called), despite intense effort, 
could not work out a convincing 
mathematical proof.  

In 1684 Edmond Halley, an as-
tronomer studying the motions of 
the planets, mentioned this prob-
lem to Newton. According to 
Newton's later account (as told to 
Demoivre), Newton immediately 
replied that he had solved it but 
couldn't find the paper and 
agreed to write it out again. Over 
the next two years, with Halley's 
unstinting encouragement and 
support, Newton wrote his 
monumental Principia, containing 
not only the promised proof but 
also Newton's complete theory of 
motion and its sweeping explana-
tion of the existing celestial ob-
servations. The appearance of the 
Principia in 1687 established 
Newton's reputation for all time. 
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The center-of-mass model. There are several ways in which Newton's 
theory introduces assumptions, in addition to the laws, that enabled him 
to reduce complicated phenomena to simpler ones. In Section 11.2 we 
already mentioned the assumption that the net force acting on a body is 
the sum of the partial forces arising within the two-body subsystems of 
the original system. A second assumption, used in conjunction with the 
first and second laws, is that a moving body can be described as one 
particle located at a central point called the center of mass of the body. 
That is, the inertial mass, position, velocity, and acceleration of the en-
tire body are the mass, position, velocity, and acceleration of the parti-
cle located at the center of mass. 

If the body is quite small (such as a drop of water or even a baseball), 
then the one-particle model usually permits an adequate description of 
its motion. If the body is large or has a complicated shape (such as a 
skier), then the one-particle model may be adequate for its overall mo-
tion, but a more complicated working model has to be adopted for a 
more complete description of its interaction, energy storage, and so on. 
For example, a boxer might be seen as three particles, two fists and a 
torso; the medium for wave propagation was represented by a model 
consisting of many oscillators (Section 6.1); we used the MIP model to 
represent an elastic body (Section 11.7); in Chapter 16, we will intro-
duce a model of many non-interacting particles to represent a gas. 
Newton's third law makes possible the analysis of such systems in 
terms of the first and second laws. However, systems requiring a com-
plicated description (for example, rotating rigid bodies such as bicycle 
wheels or gyroscopes) or working models consisting of more

TABLE 14.1, CONTINUED 

Concept As stated by Newton As stated in this text 
Law 2 The alteration of motion 

is ever proportional to 
the motive force im-
pressed; and is made in 
the direction of the right 
line in which that force is 
impressed. 
 

The change of momentum 
of a particle subject to a net 
force during a time interval 
is equal to the average net 
force times the duration of 
the time interval. Fav ∆t = 
∆M 

Law 3 To every action there is 
always opposed an equal 
reaction: or the mutual 
actions of two bodies 
upon each other are al-
ways equal, and directed 
to contrary parts. 

The interaction of two 
bodies is described by two 
equal and opposite forces 
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than one or two interacting particles will not be discussed in detail in 
this chapter. 

Interaction mechanisms. In Newton's simplified approach to moving 
bodies, the various mechanisms by which they interact are not de-
scribed in detail. The forces may be elastic, frictional, gravitational, 
electric, or magnetic. You may even find the MIP model helpful in un-
derstanding how the chair on which you sit is an elastic system that can 
exert a force to balance the force of gravity acting on you. Since New-
ton described an MIP model for matter, it is likely that he, too, used it 
to visualize interaction mechanisms. His theory of moving bodies, 
however, does not make direct reference to this model and is not logi-
cally dependent on it. 

14.2 Newton's first law of motion 
Newton's first law of motion, sometimes called the law of inertia, is as 

follows: Every particle persists in its state of rest or of uniform, unac-
celerated motion in a straight line unless it is compelled to change that 
state by the application of a net force. 

Comparison of Newtonian and Aristotelian views. The assumption 
expressed in this statement was contrary to that of Aristotelian scholar-
ship, according to which force was the cause of uniform motion and 
only the state of rest was an equilibrium state for a non-interacting 
body. Newton's First Law, in contrast, asserts that motion in a straight 
line at constant speed is also an equilibrium state and, therefore, does 
not require a net force. As an example, consider the two opposing in-
terpretations of a skier going downhill (Fig. 14.1 and 14.2). 

The Newtonian observer would hold that the skier is subject to the 
force of gravity exerted by the earth and forces of support and friction 
by the snow. When these partial forces combine to give a zero net 
force, the skier remains at rest or skis at a uniform rate (Fig. 14.1). 
When the friction decreases (on a patch of ice, for instance), the skier 
accelerates (Fig. 14.1d); when the slope levels out so that gravity and 
support together are less than friction, the skier slows down. 

The Aristotelian would insist that a force is always acting on the skier 
while he is moving, presumably larger or smaller depending on the 
skier's speed (Fig. 14.2). Only when the skier stops completely would 
the Aristotelian hold that there is no unbalanced force. As we have re-
marked in Chapter 3, some of our intuition about motion parallels the 
Aristotelian view because friction is so pervasive in terrestrial phenom-
ena. We therefore tend to overlook friction and think of the partial 
forces that actually balance friction during steady motion as adding up 
to a net force. 

A second and possibly even more revolutionary implication of New-
ton's first law is that changes in the state of motion of a body must al-
ways be ascribed to an external agency. This again is contrary to Aristo-
telian and commonsense views, in which motion of a person or an ani-
mal usually has an internal cause. We will discuss the skier and a 

". . . It seems probable to 
me that God in the begin-
ning form'd matter in solid, 
massy, hard, impenetrable, 
movable particles, of such 
sizes and figures, and with 
such other properties, and 
in such proportion to 
space, as most conduced to 
the end for which he form'd 
them; and that these primi-
tive particles being solids, 
are incomparably harder 
than any porous bodies 
compounded of them; even 
so very hard, as never to 
wear or break in pieces; no 
ordinary power being able 
to divide what God himself 
made one in the first crea-
tion ..." 

Isaac Newton
Opticks, 1704

Aristotle (384-322 B.C.) 
Aristotle's father was the 
physician to Philip of Mac-
edon, and Aristotle became 
tutor to the son of Philip, 
the young Alexander the 
Great. Aristotle studied for 
many years at Plato's 
Academy and then founded 
his own school, the Ly-
ceum, in Athens. Aristotle 
exerted a profound influ-
ence on the development of 
science. His works were so 
comprehensive that until 
the Renaissance no system-
atic survey comparable to 
his was produced in the 
west. Aristotle remained 
the authority in Western 
academic circles for almost 
2000 years. 
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man walking uphill as two examples. The modem scientist would agree 
that the skier accelerates downward because of the force of gravity. Ac-
cording to Aristotle, however, the skier moves downward because all 
bodies have a tendency to reach their "natural place" of repose, which 
is downward for solid and liquid materials. 

Aristotle would ascribe motion of the man walking uphill to the man's 
desire to walk. The cause of motion is internal: the man's desire and his 
muscular energy. Where is Newton's external net force? 

To answer this question, you must realize that the Newtonian theory 
distinguishes the energy source that is necessary for motion from the 
force that causes the motion. In the case of the skier going

Figure 14.1  Newtonian view of a skier sliding downhill, subject to the three partial forces of gravity, fric-
tion, and support. 
(a) Gravity is directed vertically downward, friction is along the gliding surface, and support is at right 
angles to the gliding surface. 
(b, c) Force diagrams: three partial forces add to zero net force. 
(d) Force diagram (reduced friction): three partial forces add to a nonzero net force and the skier speeds 
up. 

"I call absolutely light 
that whose nature is to 
move always upward, 
and heavy whose nature 
is to move always down-
ward, if there is no inter-
ference." 

Aristotle
On the Heavens,
4th century, B.C.

Figure 14.2  Aristotelian view of a skier sliding downhill. 
(a) A skier slides downhill. 
(b) A force is acting to maintain motion. 
(c) If the slope is steeper, or smoother, a larger force acts and causes a larger 
speed, 
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downhill, the gravitational field transmitted the force and acted as a 
source of the skier's kinetic energy, so the distinction was not apparent. 
When the man walks uphill, however, his muscles are the energy 
source, while now the frictional interaction between his feet and the 
ground supplies the force that enables him to move forward with each 
step. In the absence of friction (on an iceberg or on a path covered with 
very loose gravel), the net force on him might be inadequate for him to 
progress upward and he might even slide back down. Think of a skier 
walking uphill, for example. 

Does the energy source exert a force? A few other examples will fur-
ther illustrate the distinction between the energy source and the objects 
or systems that exert the force that sets a body in motion. When the 
archer shoots his arrow, the string actually exerts a net force on the ar-
row and is the coupling element to the bow, which originally stored the 
energy. When a car accelerates, the fuel in the engine is the energy 
source, but the force that sets the car into motion is exerted by the road 
through its frictional interaction with the tires. If the car is on an ice 
patch and the force of friction is small, then the engine turns, the 
wheels spin, energy is transferred, but the car does not move. When a 
glass marble bounces on a steel plate (Section 11.7), both the deformed 
glass and steel act as energy sources, but it is the upward force of the 
steel plate on the marble that reverses the motion of the marble. When a 
child rides on a horse on a merry-go-round, the motion is in a circle 
(not a straight line), hence there is a net force acting on the child. In this 
example, the energy source is the fuel in the engine, but the force on 
the child is exerted by the horse on which he or she rides. 

Inertial reference frames. Before we conclude this section, we would 
like to point out one difficulty with Newton's first law. Even though it 
refers to the motion of a particle, it does not specify the reference frame 
relative to which this motion is to be observed. A reference frame in 
which Newton's first law applies is called an inertial reference frame. 
So far we have been using reference frames attached to the surface of 
the earth, and we have found reasonable agreement between theory and 
observation. Hence they were (nearly) inertial reference frames. In a 
reference frame attached to a merry-go-round, however, a stone on the 
ground and the rest of the earth move in a circle around the merry-go-
round! To treat the merry-go-round as an inertial reference frame, you 
would conclude that starting the motor sets the entire earth in motion 
and that stopping the motor stops the earth again. Within the Newtonian 
theory, you then have to invent the necessary forces exerted by external 
objects on the massive earth to set it in motion. If you are willing to do 
this, you may go ahead with Newton's theory. If the invention of "ficti-
tious" forces seems too big a price to pay, you may classify the merry-
go-round as a non-inertial reference frame in which Newton's first law 
cannot be applied. The choice is yours, but you must stick to your deci-
sion consistently once you have made it. 

Moving automobile reference frame. The same considerations apply 
to the reference frame attached to a moving automobile (Fig. 14.3a). As 
long as the speedometer reading is a constant 50 miles per hour, the 
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landscape moves past at a steady rate. The driver inside is at rest. Nei-
ther the landscape nor the driver, therefore, is subject to a net force, a 
fact compatible with your common sense. Now the driver steps on the 
brakes. Quickly the landscape comes to a stop, and he lurches forward 
in his seat. To apply Newton's theory in this reference frame, you must 
invent a force that causes the landscape to stop and another force that 
causes the driver to lurch forward. If such forces act, the stopping car is 
an inertial reference frame. If the invention of such forces seems too 
farfetched, you may classify the stopping car as a non-inertial reference 
frame in which Newton's first law does not apply. Again, the choice is 
yours. When you have ridden in an automobile, you undoubtedly have 
sensed a "force" that caused you to lurch forward when the car's brakes 
were applied. You may therefore decide to adopt this reference frame in 
spite of the problems with the moving landscape. 

Road reference frame. Does the automobile problem become simpler 
in a reference frame attached to the road (Fig. 14.3b)? Such a reference 
frame is an inertial one. At the beginning, the landscape is at rest (zero 
net force), while the automobile and the driver inside are both moving 
steadily (zero net force). Now the driver steps on the brakes. Quickly 
the car comes to a stop (net frictional force exerted by the road on the 
car via the tires). The driver continues in motion until a net force acts 
to bring him  to a stop; this may be exerted by the car floor on his feet 
or by the seat belts on his body. Relative to the car, therefore, the 
driver lurches forward. Relative to the road, however, he merely 
comes to a stop a little later than the car does, when the restraint of the 

Figure 14.3 A car's brakes are 
applied. 
(a) The reference frame is at-
tached to the car. What object 
exerts the forces that cause the 
tree to stop and the driver to 
lurch forward? 
(b) The reference frame is at-
tached to the road. The force of 
friction exerted by the road on 
the tires changes the velocity of 
the car. 
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seat belt becomes effective. In the road reference frame it is not neces-
sary to invent interactions that provide the needed forces; the familiar 
interactions are sufficient. Since physicists are reluctant to invent spe-
cial solutions to each problem, such as were required when the merry-
go-round or the car were treated as inertial reference frames, they pre-
fer to apply Newton's theory in the earth-fixed reference frames for 
which this step is unnecessary. 

Selection of inertial reference frames. As a general rule, a reference 
frame attached to the most massive object in the system is an inertial 
frame. For practical purposes this means the earth for terrestrial phe-
nomena, the sun for the solar system, and the galaxy during interstellar 
travel. If a system includes several objects of comparable mass, such as 
several stars, then an inertial frame is more difficult to find. 

14.3 Newton's second law of motion 
Statement of Newton's second law. We have explained that, accord-

ing to the first law, a change in the state of motion of a particle is ac-
companied by a net force acting on the particle. The question answered 
by the second law is just how the unbalanced force and the change in 
motion are related. 

In Chapter 13, velocity and momentum (inertial mass times velocity) 
were introduced to describe the motion of a particle. During uniform 
motion, each of these quantities remains constant, that is, retains its 
magnitude and its direction. Change of motion may be described by a 
change of either or both quantities. The mathematical model proposed 
by Newton in his second law relates the net force acting during a time 
interval to the change in momentum that is caused by the force, as fol-
lows. 

The average net force times the time interval during which it acts is 
equal to the change of momentum of the particle on which the force 
acts (Eq. 14.1a). 

The meaning of a change of momentum is illustrated in Fig. 14.4. The 
change of momentum is the difference between the momentum of the 
particle after and before the action of the net force. Note that momen-
tum and force have direction and magnitude. The change of momentum 
therefore also has direction and magnitude (Examples 14.1 and 14.2). 

Figure 14.4 Arrows Mi and 
Mf represent the momenta 
before and after the action of 
the force. The change of mo-
mentum is ∆M = Mf  -  Mi 
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The momentum of the particle after the action of the net force depends 
on the relative direction of the change of momentum and the initial 
momentum, as shown in the various parts of Fig. 14.5. 
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Immediate consequences of the second law. Several consequences fol-
low immediately from Newton's model. First, the change of momentum 
is zero if the average net force is zero (Eq. 14.2). This implication is a 
restatement of the first law, because the change of a particle's momen-
tum is zero only if its velocity is constant. 

Second, the change of momentum is zero if the time interval ∆t is 
zero (Eq. 14.3). A nonzero change of momentum can be achieved only 
by the action of a force during a nonzero time interval. In other words, 
there are no instantaneous jumps of momentum. Even the bouncing 
marble (Section 11.7) is brought to rest and reaccelerated in a finite, 
though extremely short, time interval. This consequence of the theory 
reflects the inertia of the particles on which the force acts. 

Third, the change of momentum is in the direction of the net force. A 
particle initially at rest (zero momentum) acquires a momentum in the 
direction of the force acting on it. A particle already in motion may ac-
quire an increased momentum, a decreased momentum, or a deflected 
momentum due to the action of the force (Fig. 14.5). The final momen-
tum and, therefore, the final velocity after the action of the force is of-
ten not in the direction of the force. This is one of the most difficult 
consequences of the Newtonian theory to accept, because it is contrary to 
a deeply ingrained notion: that objects move in the same direction as the 
applied force. This ingrained notion, however, disregards the inertia of 

Equation 14.2 
 Fav = 0 implies ∆M = 0 
 
Equation 14.3 
 ∆t = 0 implies ∆M = 0 
 

Figure 14.5 Three examples to illustrate how the final momentum of the particle after the action of the force 
(Mf ) depends on the change of momentum (∆M, shown as a dashed arrow), which is in the direction of the 
force. The same initial momentum (Mi ) is used in each example. In all diagrams: Mf = Mi  +  ∆M. 
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particles. Because particles have inertia, both their previous momentum 
and the force acting at any instant determine what they will do next, 
that is, their motion in the immediate future. 

Acceleration. To use the mathematical model in Newton's second law 
for describing moving particles whose position and velocity are ob-
served, we will rephrase it so that it refers directly to acceleration in-
stead of to momentum. The definitions of acceleration and momentum 
given in Sections 13.2 and 13.3 are repeated here: acceleration is the 
change of velocity divided by the time interval (Eq. 13.9); momentum 
is the product of inertial mass times velocity (Eq. 13.10). You may wish 
to refer to Section 13.2 for an explanation of the acceleration concept in 
physics and how it differs from everyday usage of the word. 

The momentum of a particle may change because its inertial mass 
changes, because its velocity changes, or because both mass and veloc-
ity change. We will pursue only the theory for particles whose velocity 
may change, but whose inertial mass remains constant. In this theory, 
the change of momentum of a particle is equal to its inertial mass mul-
tiplied by the change of velocity (Eq. 14.4). When this mathematical 
model for momentum change is used in Newton's second law, the latter 
can be put into the form that the average net force equals the inertial 
mass times the average acceleration (Eq. 14.5). By choosing suffi-
ciently short time intervals, the average force and average acceleration 
can both be made approximately equal to the instantaneous force and 
acceleration as in Eqs. 2.3 and 13.2 for the speed and the velocity. The 
resulting form of Newton's second law, net force equals mass times 
acceleration (Eq. 14.6), is the one most frequently quoted. 

Predictions from Newton's second law. With the help of the formula-
tion of Newton's second law in Eq. 14.6, you can compare some of its 
predictions with experimental observations to determine how satisfac-
tory the theory really is. A few consequences of the model can be in-
ferred directly from Eq. 14.6: 

1. Constant net force produces a constant acceleration. 
2. Zero net force produces a zero acceleration. 
3. Net force is directly proportional to acceleration (doubling the 

force doubles the acceleration). 
4. The force and the acceleration are in the same direction. 
5. Two different particles experience equal accelerations if the net 

forces on them are in the same direction and the more massive particle 
is subject to a larger force in proportion to its larger inertial mass. 

Some of these predictions, such as 2, 4, and 5, can be tested experi-
mentally by direct observation and without measurements of the magni-
tude of the acceleration. Predictions 1 and 3 require more extensive 
measurement of acceleration. How the acceleration can be calculated 
approximately from successive observation of the position of a moving 
object is explained in the next paragraphs. 
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Multiflash photographs. A record of the successive positions of the 
moving object is made conveniently through the technique of multi-
flash photography, described in Section 13.1. By flashing a light on the 
photographic subject repeatedly without changing the film, you obtain 
a multiple exposure on which the positions of the object at the times of 
the flashes can be seen. Eq. 13.1 relates the time interval between 
flashes, the average velocity, and the displacement. A multiflash photo-
graph of a bouncing golf ball is shown in Fig. 14.6. The multiflash pho-
tograph records motion relative to the camera. 

"Frictionless" motion. To conduct laboratory experiments with con-
trolled forces, we must eliminate the effects of gravity and friction. The 
former can be accomplished by restricting the motion to a horizontal 
surface, such as a table, that exerts a balancing upward force on the 
moving object (imagine an MIP model for the rigid table) and thereby 
prevents motion in the vertical direction. Friction cannot be eliminated 
completely, but it can be made very slight, as we explained in Section 
3.4, by maintaining a thin layer of gas between the moving object and 
its supporting surface. Then the net force acting on the object is equal 
to the sum of the horizontal partial forces acting on it. 

In one technique to reduce friction, a table or track is provided with 
many holes through which jets of air escape. As shown in Fig. 3.4, if a 
smooth object is placed on such a surface, the jets lift the object so it 
can "float" on a thin cushion of air and thus can glide almost without 
friction. Another device consists of a disk or "puck" that carries a con-
tainer filled with dry ice (frozen carbon dioxide) (Fig. 14.7). As the 
carbon dioxide vaporizes, it escapes through a small hole in the center 
of the bottom of the disk (Fig. 14.8) and forms a thin layer of carbon 
dioxide gas between the disk and the glass surface on which it rests. 

Figure 14.6 Multiflash 
photograph of a bounc-
ing golf ball. The grid 
lines, whose spacing 
represents 0.11 meter, 
indicate the distance 
scale. The time intervals 
are 0.033 seconds. 
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This gas layer reduces the frictional force between the two surfaces to a 
very small value, so that we can study the motion of the disk without 
being distracted by the usual presence of friction. 

Figure 14.9 shows a multiflash photograph of a dry ice puck moving 
from left to right alongside a meter stick. The light was flashed at the 
rate of 24 times in 10 seconds, or at intervals of 0.42 second. The speed 
of the puck can be calculated from a measurement of its displacement 
during each time interval (Table 14.2). Since the images are equally 
spaced, the displacements during equal times are equal, and the puck in 
this experiment approaches the ideal of constant velocity. 

What would be the conclusion if the velocity were found to change? 
You could then conclude that there was an interaction influencing

Figure 14.7 A "frictionless" dry ice puck. Figure 14.8 Carbon dioxide gas 
escapes through the hole in the puck 
base to form a thin film on which the 
"frictionless" puck glides. 

Figure 14.9 A dry ice puck moving parallel to the meter stick was photographed at intervals of 0.42 
second. Data from this experiment are analyzed in Table 14.2. 
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the puck—perhaps friction, perhaps a slight tilt in the glass surface, or 
perhaps an air current. In other words, this experiment does not "prove" 
that free bodies move with constant velocity; instead it provides evi-
dence that the puck is a very nearly free body according to Newton's 
first law. 

Experimental test of Newton's second law. To observe the motion of 
a puck subject to a constant force, we attach a string and a circular 
spring (Fig. 14.10), which is a convenient elastic object for monitoring 
the constancy of the applied force. When the spring is deformed into an 
ellipse of predetermined standard shape, it transmits one unit of force, 
which we will call an su (for spring unit). How this force is related to 
the newton we do not know. 

In Fig. 14.11, two forces, each 1 su in strength, are acting on the puck 
in opposite directions. The net force here is zero. In Fig. 14.12, two 
equal magnitude forces slightly larger than 1 su are acting at an angle; 
the net force acts in the direction bisecting the angle between the two 
forces.

 

Figure 14.10 (below).  The 
circular spring is attached to 
the dry ice puck to measure 
the applied force. 

Figure 14.11 (below). Two equal-magnitude but oppositely directed forces act 
on the puck.  
(a) The puck with deformed springs attached is in mechanical equilibrium,  
(b) Force diagram, showing the combination of the two partial forces to give a 
zero net force. 
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Comparison of two forces. The effects on the puck of a force of 1 su 
and of a force of 2 su are shown in the multiflash photographs in Fig. 
14.13 and Fig. 14.14, respectively. You can see that the pucks move in a 
straight line (as defined by the meter stick) in the direction of the force, 
and that the speed is not constant but increases. According

Figure 14.12 Two 
equal-magnitude 
forces at a slight 
angle act on the 
puck.  
(a) The puck with 
deformed springs 
attached is not in 
mechanical equi-
librium,  
(b) Force diagram 
showing the com-
bination of the two 
partial forces to 
give a nonzero net 
force. 

Figure 14.13 The dry ice puck is accelerated to the right by the action of a net force of 1 su, 

Figure 14.14 The dry ice puck is accelerated to the right by the action of a net force of 2 su. 
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to the Newtonian theory, the constant net force acting on the puck in 
each experiment should result in a constant acceleration. The force of 2 
su acting in Fig. 14.14 should produce twice the acceleration as the 
force of 1 su in Fig. 14.13. The acceleration calculated in Tables 14.3 
and 14.4 gives evidence that the Newtonian theory can be applied suc-
cessfully to the motion of the dry ice puck. 

Calculation of acceleration. As a matter of fact, we are unable to cal-
culate the acceleration as defined in Eq. 13.9, because the multi-flash 
photographs do not enable us to determine the puck's instantaneous 
velocity. We have therefore computed an approximate "acceleration" in 
the last columns of Tables 14.3 and 14.4. You can see that the data in 
these two columns are in the ratio of two-to-one, just as the forces are 
in the ratio of two-to-one. In fact, you can see that all corresponding 
entries for the two pucks in Tables 14.3 and 14.4 are in this ratio. Be-
cause of this fact, you can imagine the outcome of a thought experi-
ment in which the flashes occur at very short time intervals. The calcu-
lated average velocities will then be very close to the instantaneous ve-
locities, the accelerations can be found from Eq. 13.9, and all numerical 
values will still be in the ratio two-to-one. 

Other applications. With this positive outcome, we invite you to use 
the Newtonian theory to describe objects that are moving subject to the 
gravitational interaction with the earth. These investigations will lead to 
further evidence of the theory's usefulness. In Chapter 15, we will de-
rive a theory of periodic motion and apply it to the planets in the solar 
system as well as to pendulums and other oscillators on earth. 

14.4 Motion near the surface of the earth 
All objects near the surface of the earth are subject to the force of 

gravity. They may also be subject to other forces, such as the elastic 
force exerted by the floor on a bouncing golf ball, the force of friction

From here on we will merely 
write speed, velocity, accel-
eration, momentum, and 
force to refer to the instanta-
neous quantities. The average 
quantities will be designated 
as such so you may identify 
them properly (average 
speed, average velocity, . . .). 
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exerted by the road on a skidding car, or the force of friction exerted by 
the air on a flying airplane, but all objects near the earth are, at all 
times, certainly subject to the downward force of gravity. 

The flat earth model. As we have described in Section 11.3, the 
gravitational intensity near the surface of the earth has the constant 
magnitude of 10 newtons per kilogram and a direction toward the cen-
ter of the earth. Since the earth is a sphere that is very large compared 
to the macro-domain size of everyday phenomena, we will make a 
working model in which the earth is a flat horizontal surface and the 
direction of the gravitational intensity is vertical, at right angles to the 
horizontal plane (Fig. 14.15). The force of gravity on an object near the 
surface of the earth is therefore a constant force, determined by the ob-
ject's gravitational mass, but independent of the object's position (Eq. 
14.7). Many objects remain at rest even though they are subject to the 
force of gravity, because they are supported in such a way that the net 
force acting on them is zero. 

Free fall. When all supports are removed, however, an object begins 
to fall and picks up speed, as shown in the multiflash photograph

Equation 14.7 (same as Eq. 
11.4) 
 
force of gravity  
 (newtons)  = FG 
gravitational mass (kg) = MG 
gravitational intensity  
 (newtons/kg) = g 
 
 FG  = gMG 

 
(at surface of earth g = 10 
newtons/kg, downward. 

Figure 14.15 The flat earth model. The gravitational intensity is vertical 
everywhere and has the same magnitude everywhere. 
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Figure 14.16  A baseball and a golf 
ball were released from rest at the 
same time. The time intervals between 
photographs were ∆t= 0.033 second. 
Note the increasing displacement be-
tween successive images of each ball. 
In the text, we use measurements on 
this photo to show that the distance 
covered is proportional to the elapsed 
time to the second power. 
 
We can also use the photo to answer a 
more straightforward question: does 
the heavier object fall faster? As you 
can verify in the photo, the displace-
ments of the balls, and therefore their 
velocities, are equal throughout the 
motion. Conclusion: the velocities of 
two objects with different masses 
dropped simultaneously from rest in-
crease at the same rate in free fall. 
This may seem contrary to common 
sense, but common sense is wrong in 
this case! By measuring the displace-
ments carefully on the meter sticks, 
can you verify Eq. 14.7 (acceleration 
= g = 10 m/sec/sec, downward)? 

Figure 14.17 (below)  A particle is fal-
ling under the influence of gravity. It 
started at the coordinate origin with 
zero velocity. Its velocity and position 
increase as the first and second pow-
ers of the elapsed time, respectively. 
These math models are derived in Eqs. 
14.9-14.12. 
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of a falling baseball and a falling golf ball in Fig. 14.16. Since each ball 
is subject to a constant net force, the Newtonian theory (Eq. 14.6, F = 
MIa, combined with Eq. 14.7, FG = gMG) predicts that it should fall 
with constant acceleration equal to the gravitational intensity times the 
ratio of gravitational to inertial masses [a = g(MG/MI)]. The accelera-
tion must be constant because g, MG, and MI are all constant; in addi-
tion, a constant acceleration is always equal to the average acceleration 
(Eq. 14.8). 

Velocity and position during free fall. Since the two balls start out at 
rest and suffer a constant acceleration, it is relatively easy to make a 
mathematical model for relating the distance they fall to the elapsed 
time. First, for a particle that starts from rest (zero initial velocity), the 
change of velocity is equal to the actual velocity and the displacement 
is equal to the position relative to the starting point (Fig. 14.17). Sec-
ond, the average velocity of such a particle, whose speed builds up 
steadily from zero to its final value, is equal to one half of the actual 
velocity (Eq. 14.9). Third, the average velocity and the elapsed time 
can be multiplied, according to Eq. 13.5, to give the position of the par-
ticle relative to the starting point (Eq. 14.10). Fourth, the equation de-
fining the average acceleration (Eq. 13.9, aav = ∆v/∆t) can then be re-
written to give the velocity of the falling particle, which is directly pro-
portional to the time of falling (Eq. 14.11). Finally, this formula for the 
velocity and Eq. 14.8 are used to relate the distance of fall to the 
elapsed time (Eq. 14.12). The result is that the distance is proportional 
to the elapsed time raised to the second power. 

In Table 14.5 this mathematical model is compared with the meas-
urements made on the falling balls in Fig. 14.16. The prediction de-
pends, as you might have expected, on the ratio of gravitational to iner-
tial masses of each ball. You can see, however, that the prediction 
agrees well with the data if the ratio of masses is equal to one (Eq. 
14.13). 

Comparison of gravitational and inertial masses. A close relation be-
tween the two masses of each ball can be inferred even without meas-
urements. The photograph shows that the accelerations of the two balls 
are at least approximately equal because they appear to start out and 
remain side by side. According to Newton's theory, the net forces on 
them are in proportion to their inertial masses (prediction 5, page 375). 
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But you know from Eq. 14.7 that the forces of gravity acting on them 
are proportional to their gravitational masses. It appears, therefore, that 
gravitational and inertial masses are proportional to one another! You 
can infer from the data in Table 14.5 that the two masses of each ball 
are numerically equal (Eq. 14.13). 

As a matter of fact, it is found that all objects that fall freely in the 
earth's gravitational field experience the same acceleration of 10 meters 
per second per second. Even objects such as feathers, which ordinarily 
are affected greatly by the air, experience this acceleration in an air-free 
tube. This acceleration is numerically equal to the magnitude of the 
gravitational intensity (Eq. 11.3). 

There are two physically equivalent but logically distinct views you 
may now take. One is that the two types of mass are not exactly equal 
and that the relative degree of equality must be established experimen-
tally. As explained above, the data in Figure 14.16 and Table 14.13 
show that MG = MI to an accuracy of about 1% (1 part in 100). This 
issue is of great importance in physics, and experimenters (including 
Newton himself) have carried out a variety of ingenious and sensitive 
tests. The latest attack on this problem was by Adelberger in 1990, con-
firming that MG = MI to an accuracy of 1 part in 1012! A new experi-
ment is now planned which would measure with great accuracy any 
differences in acceleration of two weights in "free fall" while orbiting 
the earth; the experimenters expect an accuracy of 1 part in 1018! 

The second view is to modify Newton's theory by simply adding the 
assumption that MG and MI are equal. This agrees with common sense; 
the modified theory then predicts that the acceleration of free fall is 
exactly equal to the gravitational intensity (Eq. 14.14, from Eqs. 14.8 
and 14.13). Newton took this view, as you can verify in Table 14.1. He 
did not state a definition for inertial mass, but based his definitions of 
momentum and inertia on the gravitational mass concept he had de-
fined earlier. Einstein also adopted this assumption (called the Principle 
of Equivalence) in his general theory of relativity. We will take the 
same view and assume for the rest of this text that MG = MI (Eq. 14.13) 
holds exactly with no experimental uncertainties. 

Acceleration of gravity. The gravitational intensity (g) is often called 
the acceleration of gravity.  Its value in newtons per kilogram is equal 
to its value in meters per second per second. To achieve this equality, 
we based the definition of the joule (Sect. 9.2) and the definition of the 
newton (Sect. 11.2) on an object with mass of 0.10 kilogram. As you 
saw in Sect. 11.2, this choice for the newton determined the value of g 
(Eq. 11.3). 

The acceleration of all objects falling freely near the surface of the 
earth is close to 10 meter/sec/sec in the vertical direction (Eq. 14.14). A 
very useful property of all uniformly accelerated objects is that their 
average velocity for any time interval is halfway between their initial 
and final velocities (Eq. 14.15). An application of this formula is 
worked out in Example 14.3. 

You must remember that these results are based on the Newtonian 
one-particle theory and take into account only the force of gravity. If 

"... just as the downward 
movement of a mass of gold 
or lead, or of any other body 
endowed with weight, is 
quicker in proportion to its 
size."  

Aristotle
On the Heavens
4th century B.C.

 

Equation 14.14 
 
free fall near earth's surface 
 
 a = g =10 m/sec/sec,  
  downward 

Equation 14.15 
 
initial velocity = vi  
final velocity = vf  
average velocity = vav  
 vav  = ½ ( vi +  vf )  
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air resistance is important, if the object is partially supported by a slop-
ing surface (like the skier on a hill), or if still other interactions must be 
considered, then a more complete theory within the Newtonian frame-
work must be used. 
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14.5 Newton's third law of motion 

Even though the one-particle model for a moving body has been ex-
tremely valuable in leading to a successful description of the overall 
behavior of moving bodies, it clearly has limitations. In fact, these limi-
tations are evident whenever you look more closely at a moving body 
and realize that it actually is a system of interacting parts, like the skier, 
who can maneuver his legs to make a turn; the stunt car, the wheels of 
which spin when it accelerates; and the interplanetary rocket, which 
leaves behind a trail of hot exhaust as it hurtles into space. For a more 
complete understanding of how these systems function, you must relate 
their motion to the operation and interaction of their various parts. The 
one-particle model, in which the entire system is represented by a sin-
gle particle at the center of mass, is not adequate. 

Newton's third law supplements the first two in such a way that they 
can be applied to systems represented by complicated models consist-
ing of many particles, ultimately even atoms or molecules if necessary. 
The most widely known statement of Newton's third law follows. For 
every action, there is an equal and opposite reaction. 

Interpretations of the third law. The words "action" and "reaction," 
which are no longer part of the physics vocabulary, signify forces act-
ing during a time interval. We may, therefore, interpret the third law as 
stating that the interaction of two bodies is described by two forces 
equal in magnitude and opposite in direction. This interpretation (see 
Section 11.2) applies directly to the two forces (Fig. 11.2). We have 
another option, however. Since a force acting during a time interval 
produces a change of momentum, two equal but opposite forces acting 
during the same time interval produce equal but opposite changes of 
momentum. We may, therefore, also interpret the third law as stating 
that the interaction of two bodies results in changes of their individual 
momenta that are of equal magnitude but oppositely directed. 

Conservation of momentum. The second of these interpretations is 
especially significant, because it leads to the law of conservation of 
momentum. If the interaction of two bodies results in equal and oppo-
site changes of momentum, the sum of the momenta of the two bodies 
is not changed by their interaction. The momentum gained by one body 
is lost by the other. There is transfer of momentum from one body to 
the other. If three or more bodies in a system interact at once, momen-
tum may be transferred between the members of each interacting pair, 
with the result that the gains and losses of momentum balance out and 
the sum of all the momenta does not change. This is the law of conser-
vation of momentum: The bodies in an isolated system can exchange 
momentum, but the total momentum of the system is conserved (con-
stant). 

The law of conservation of momentum, which we have here derived 
from Newton's theory, has turned out to be much more generally valid 
than Newton's theory itself. For instance, the law applies to radiation 
and to phenomena in the micro domain, for both of which

"The mutual actions of two 
bodies upon each other are 
always equal and oppositely 
directed." 

Isaac Newton
Principia, I, 1687

Figure 11.2 
(a) Two interacting bodies 
(b) The two forces of inter-
action. One force acts on 
each body. 
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Newtonian mechanics is inadequate (see Chapters 7 and 8). This law, 
along with the law of conservation of energy (Section 4.1), is one of the 
cornerstones on which all current physical theories are built. 

Rocket propulsion. As an example of how to apply Newton's theory, 
we present a two-particle theory of rocket propulsion (Fig. 14.18). A 
rocket is a system that ejects material through a nozzle at one end. Con-
sider a particular 1-second interval while the rocket engine is burning 
fuel and ejecting the combustion products through nozzles at the rear of 
the rocket. The rocket-plus-remaining-fuel after the interval is one "par-
ticle" in the model, the material ejected during the 1-second interval is 
the other "particle." At the beginning of the 1-second interval, the two 
"particles" move at the same velocity (Fig. 14.19a). Each has a momen-
tum determined by this velocity and its own mass. At the end of the 1-
second interval, the ejected material is in the exhaust trail and no longer 
has the velocity it had before (Fig. 14.19b). It therefore has a 

Figure 14.18 Two-particle 
model for a rocket,  
(a) The rocket while engine is in 
operation,  
(b) The rocket, with particle R 
representing the rocket-plus-
fuel subsystem, and particle E 
representing the exhaust sub-
system. 

Figure 14.19 (to right). 
Conservation of momen-
tum in rocket propulsion. 
(a) Rocket (R) and the 
fuel-oxygen subsystem 
about to burn (E) are trav-
eling at the same speed (vi) 
relative to the earth refer-
ence frame. 
(b) Fuel-oxygen subsystem, 
now exhaust (E), is 
ejected, at speed -vexhaust, 
(relative to the rocket) so it 
loses momentum relative to 
the earth.  This momentum 
is transferred to the rocket 
subsystem (R), which then 
moves faster (vf) relative 
to the earth reference 
frame. 
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changed momentum. According to Newton's third law, the momentum 
is not lost from the two-particle system, but it is transferred to the 
rocket and the remaining fuel. The rocket "particle" therefore moves on 
with an increased velocity. The process is now repeated, with a new 
two-particle system being made out of the rocket and its fuel to de-
scribe the ejection of material during the next 1-second time interval. 
And so on. 

The quantity of momentum transferred in 1 second is a measure of the 
strength of the interaction between the two "particles." It is determined 
by the rate of fuel consumption, temperature in the combustion cham-
ber, and other construction details of the rocket engine. The momentum 
transferred in 1 second is called the thrust of the engine (Example 14.4) 
and is usually measured in newtons or pounds (1 pound of thrust is ap-
proximately 4.5 newtons). A rocket engine is sometimes called a reac-
tion motor because its functioning depends on the action-reaction prin-
ciple of Newton's third law. 

14.6 Kinetic energy 
If you have a driver's license, you very likely were taught that the dis-

tance required to stop a car increases fourfold when its speed doubles. 
Have you ever wondered why? When a bicycle rider approaches a hill, 
she usually pedals as fast as she can so that she will get to the top of the 
hill more easily. Just how far up will her speed carry her? In both these 
examples, there is a transfer of energy from kinetic energy to another 
type: thermal energy of the brakes, or gravitational field energy of the 
bicycle, rider, and earth system. 

As we have said in Chapter 4, kinetic energy is the energy stored in 
moving objects. Thus, the kinetic energy of the car determines how
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far it will advance as the brakes bring it to a stop. The bicyclist maxi-
mizes her kinetic energy as she approaches the hill. 

When a force acts on a particle, its velocity or momentum changes, 
and usually its energy changes also. In this section we will derive a 
mathematical model for the relation of kinetic energy to speed. We will 
show how this relation can be used in conjunction with the law of con-
servation of energy to predict the motion of objects under many cir-
cumstances, such as the car coming to a stop and the bicycle moving 
uphill. 

Derivation. Instead of constructing the model in the light of experi-
mental results, we will derive it from Newton's theory. Imagine a parti-
cle at rest (zero speed, zero kinetic energy) that is acted upon by a con-
stant net force until it is moving with the velocity v. The kinetic energy 
of the particle is, according to the law of conservation of energy, equal 
to the work done by the net force (Eq. 14.16). To find the work, we 
have to calculate the distance through which the particle moved while it 
was being accelerated by the action of the force. 

This problem is very similar to the problem of free fall solved in Sec-
tion 14.4. There, too, a constant force speeded up a particle that was 
initially at rest. The principal differences between that and the present 
tasks are that now the force can be any force (not only the force of 
gravity), and the motion can occur in any direction (not only vertically). 
Still, the motion and the force are in the same direction, because the 
particle starts from rest (Fig. 14.20). 

The relative position of the particle is equal to one half of the velocity 
times the time (Eq. 14.17 from Eq. 14.10, s = vavt = (1/2)vt). The net 
force also can be related to the actual velocity (equal to the change of 
velocity) and to the elapsed time (Eq. 14.18 from Eq. 14.5, Fav = 
MIaav). Since the force, the velocity, and the relative position are all in 
the same direction, the component of the displacement along the force 
direction is equal to the magnitude of the relative position (Eq. 14.19). 
When the formulas are combined to calculate the work and therefore 
the kinetic energy, we obtain a mathematical model (Eq. 14.20), which 
has been simplified using the fact that the magnitude of the velocity is

Figure 14.20 The kinetic en-
ergy of a particle is equal to 
the work done by a constant 
force that accelerates the par-
ticle from zero velocity to its 
actual velocity. The force re-
quired and the position rela-
tive to the starting point 
reached by the particle are 
related to the velocity by Eqs. 
14.17 and 14.18. 
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equal to the speed (Eq. 13.8). Thus, the kinetic energy equals one half 
times the mass times the speed to the second power (Example 14.5). 

Applications. This mathematical model for kinetic energy may be ap-
plied to moving bodies, such as automobiles, footballs, spaceships, 
hailstones, pendulums, and the earth in its orbit around the sun. How-
ever, this model does not apply directly to sound and light, since both 
of these phenomena are described better by a wave model than by 

Table of results
 
 Speed Braking distance 
 (m/sec) (mph) (m) (ft.) 
 0 0 0 0 
 10 23 10 33 
 20 45 40 130 
 30 68 90 295 
 40 90 160 525 
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a particle model. The mathematical model for kinetic energy (Eq. 
14.20, KE = ½Mv2) can be used in conjunction with the MIP model for 
matter by applying the equation to each separate particle in the model 
system. 

With the mathematical model for kinetic energy, you can apply the 
law of conservation of energy to processes involving moving particles, 
just as you used the mathematical model for thermal energy to predict 
temperature changes. As a first example, we return to the braking dis-
tance of a speeding automobile. When the brakes are applied, energy is 
transferred from the kinetic energy of the car to thermal energy of the 
brake linings by way of the frictional interaction of the brakes. Dou-
bling the speed of the car increases its kinetic energy fourfold (KE de-
pends on v2, Eq. 14.20); therefore, the car must do four times the work, 
which requires traveling four times as far, so as to permit the transfer of 
all this energy to the brakes (Example 14.6 above). We would thus ex-
pect to find four times as much thermal energy in the brakes after the 
stop. 

Summary 
Isaac Newton formulated a theory of moving bodies that applies to all 

macro-domain phenomena except radiation and is still one of the foun-
dations of physics as well as an outstanding model of a successful 
physical theory. The central quantitative concepts in Newton's theory 
are force, mass, velocity, momentum, and acceleration. To deal with 
instantaneous velocity and acceleration, Newton developed a new 
branch of mathematics now called the calculus. 

Newton's approach was one of reducing complex phenomena to sim-
ple ones. Just as a house may be built of bricks, so it is possible to build 
theories of motion for complex systems (the entire solar system, a bicy-
cle with many moving parts, and even fluids), out of Newton's laws of 
motion for one particle. 

Mass, momentum, velocity, and acceleration are used to describe the 
motion of each particle. The influence on each particle of its interaction 
with all other particles is summarized in the net force concept. This 
influence is described in the first and second laws of motion. 

Newton's first law: Every particle persists in its state of rest or of uni-
form, unaccelerated motion unless it is compelled to change that state 
by the application of an external net force. 

Newton's second law: The change of momentum of a particle subject 
to a net force during a time interval is equal to the average net force 
times the duration of the time interval. 

Since motion is defined only in relation to a reference frame, the ap-
plications of Newton's first and second laws require the prior selection 
of a suitable reference frame, which is called an inertial frame. New-
ton's first law may be used to select such a reference frame; those 
frames in which the first law is contradicted by observations are not 
inertial frames and must not be used. Once an inertial frame has been 
selected, the second law is used to make quantitative predictions of the 
motion of particles relative to this frame. 
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The most convenient mathematical statement of Newton's second law 

is given in Eq. 14.5. This formula may be applied with great effective-
ness to the motion of particles near the surface of the earth, where they 
are subject to the force of gravity described in Section 11.3. One of the 
outcomes of these applications is support for the assumption that the 
gravitational mass of a particle equals its inertial mass (Eq. 14.13). 
Newton's theory of particle motion can also be applied to predict the 
overall motion of complex systems by means of a one-particle center-
of-mass model. 

To build up a more complete theory of complex systems, Newton in-
troduced his third law of motion. 

Newton's third law: The interaction of two bodies is described by two 
equal and opposite forces; or, the interaction of two bodies results in a 
transfer of momentum between them. 

This law is used to relate the motion of one particle, controlled by the 
forces acting on it, to the forces it in turn exerts on the other particles. 
Newton's third law also leads to the law of conservation of momentum 
for complex systems. 

A mathematical model for the kinetic energy of a particle moving 
with a certain speed can be derived from Newton's laws of motion. The 
kinetic energy is proportional to the speed to the second power (Eq. 
14.20). 
Additional examples 

EXAMPLE 14.7. An arrow with a mass of 0.1 kilogram is shot 50 me-
ters straight up into the air and then falls to the ground. 

(a) How much elastic energy was stored in the bow? 
(b) What was the arrow's initial upward speed? 
(c) With what speed will the arrow strike the ground? 
(d) How long will the arrow remain in the air? 

Solution: We use the following model: the arrow is one particle; its in-
teraction with the air is negligible. The only force acting on the flying 
arrow is the force of gravity; therefore, the net force is equal to the 
force of gravity. 

(a) The energy stored in the bow must equal the gravitational field en-
ergy of the arrow-earth system when the arrow is 50 meters high. Use 
ground level as the reference level for gravitational field energy. 
gravitational field energy: 

EG = |g|Mh = 10 newtons/kg x 0.1 kg x 50 m = 50 joules 
elastic energy of bow = 50 joules 

(b) The arrow's initial kinetic energy was equal to the elastic energy 
stored in the bow. This determines the speed of the arrow. 

KE=½Mv2   or 50 = ½ x 0.1 x v2, or 1000 = v2, or 32 m/sec = v. 

Equation 14.5 
 
net force = F 
mass = M 
acceleration = a 
 
 F = Ma 
 
Equation 14.13 
 
inertial mass = MI 
gravitational mass = MG 
 
 MI = MG 

 
Equation 14.20 
 
kinetic energy = KE 
mass = M 
speed = v 
 
 KE = ½mv2  
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Initial speed of arrow = 32 m/sec 
(c) When the arrow returns to the ground, all the gravitational field 

energy has been transferred back to kinetic energy. Hence the final 
speed is equal to the initial speed. 

final speed of arrow = 32 m/sec 
(Note: Similar reasoning can be applied at any instant of the down-

ward motion and leads to the conclusion that the downward motion is 
just the reverse of the upward motion.) 

(d) The arrow's total time in the air is the time to rise plus the time to 
fall. The time to rise is determined by the distance and average speed. 

distance: 
s = 50 m, vav = ½v = ½ x 32 = 16 m/sec  
time rising:  

The distance and the average speed during downward motion are the 
same as those during upward motion. Hence, the time the arrow takes 
to fall equals the time it takes to rise. 
time falling: 

t= 3.1 sec 
total time: 

3.1 sec + 3.1 sec = 6.2 sec 
 
EXAMPLE 14.8. Two children on roller skates face each other and push 

one another apart. Child A has a mass of 30 kilograms, child B 60 kilo-
grams. Child A rolls away with a speed of 2 meters per second relative 
to the ground. 

(a) What is the speed of child B relative to the ground? 
(b) What is the speed of child A relative to child B? 
(c) What is the kinetic energy of the two-child system? 

Solution: Use conservation of momentum of the two-child system, un-
der the assumption that no net external force acts on this system as a 
whole. The partial force exerted by the ground on each child just can-
cels the force of gravity on each child. 
 
(a) total momentum before push M  = [0, 0] kg-m/sec 
total momentum after push M  = [0, 0] kg-m/sec 
velocity of child A after push vA = [2, 0] m/sec 
child A, momentum after push      MA = MAvA = 30 kg x [2, 0] m/sec 
         = [60, 0] kg-m/sec  
child B, momentum after push      MB  = MBvB = 60 vB 

50 3.1 sec 
16av

st
v

= = =
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          MA + MB  = M 
[60, 0] + 60 vB   = 0 
                      vB = [-1, 0] m/sec 
 
The speed of child B is 1 meter per second, directed opposite to that 

of child A. 
 

(b) The children are moving apart from their starting point at 2 meters 
per second and 1 meter per second. Hence the speed of A relative to B 
is 3 meters per second, away from B. 

 
(c) Kinetic energy of child A: 

 
KE = ½Mv2 =½ x 30 kg x (2 m/sec)2 = 60 joules  

 
Kinetic energy of child B: 

 
KE = ½Mv2 = ½ x 60 kg x (1 m/sec)2 = 30 joules  
 

total kinetic energy: 90 joules 

List of new terms 
center of mass acceleration of gravity  
inertial reference frame  free fall 
 momentum transfer 

List of symbols 
F force                ∆v  change of velocity 
|F | force magnitude    FG force of gravity 
Fav average force    MG  gravitational mass 
M momentum   g gravitational intensity 
∆M change of momentum  s position 
∆t  time interval     t elapsed time 
aav    average acceleration KE  kinetic energy 
a    acceleration         W  work 
MI  inertial mass      ∆sF displacement component 
v    velocity         in force direction 
vav average velocity  |s| position magnitude 
v    speed 

Problems 
1. Identify the partial forces that act on: (a) an arrow being shot (imme-

diately after the archer releases the string); (b) a sailboat in a race; 
(c) a stunt car rounding a curve on two wheels; (d) the earth; (e) a 
drop of water erupting from Old Faithful; (f) a raindrop. 

2. Are any of the objects in Problem 1 in mechanical equilibrium? Ex-
plain your answer. 
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3. Compare Newton's and this text's formulations of Newton's theory 
(Table 14.1). Comment on the nature (operational or formal) of the 
definitions, undefined quantities, and hidden assumptions. (You may 
consult any reference you wish.) 

4. Describe the causes of motion of two or three moving objects 
according to Newton's theory and compare them with your common-
sense view. 

5. Identify three or more bodies for which the center-of-mass model 
should be adequate and three or more for which it might be very 
misleading. Explain your reasons. 

6. Give two examples from everyday life in which the source of kinetic 
energy for a moving body is not the system that exerts the force set-
ting the body in motion. Explain your answer. 

7. Describe two or more non-inertial reference frames. Explain why 
you believe they are non-inertial. 

8. Describe two or more inertial reference frames. Explain why you 
believe they are inertial. 

9. A long time exposure of the night sky, made by a camera fixed on the 
ground, shows star "trails" in the shape of circular arcs centered on 
the North Star. Use this evidence to discuss whether a reference 
frame attached to the earth is an inertial frame. If all the star "trails" 
are quarter circles, for how long was the film exposed? 

10. Give two examples from everyday experience that are easier to ex-
plain in the Aristotelian theory than the Newtonian theory. Include 
both types of explanations for each example. 

11. (a) Restate Newton's second law so it applies directly to accelera-
tion instead of to momentum. 
(b) Do you expect that this form of the law might be more or less 
general in its applicability? Explain. 

12. Give two or more examples from everyday life in which the veloc-
ity of a moving body is not in the direction of the net force acting on 
it. 

13. A 1500-kilogram car is advertised to accelerate from a standing 
start to 60 miles/hr in 10 seconds. 
(a) What is the average horizontal force (in newtons) exerted by the 
road on the car? Explain why you do not need to consider the verti-
cal force. Hint: convert mi/hr to m/sec using 1 mi = 1600 m and 1 hr 
= 3600 sec; thus 1 mi/hr = 1600 m/3600 sec = 0.44 m/sec. 
(b) What is the average horizontal force exerted by the car on the 
road? (Use Newton's third law.) 
(c) How far does the car travel in the 10 seconds? 
(d) Calculate the work done by the force in you found in (a) acting 
through the distance you found in (c). Compare the work to the ki-
netic energy of the car (Example 14.5). 
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14. A ball (mass 0.1 kilogram) is thrown upward from ground level so 

it rises to a height of 30 meters (100 feet) and falls back. Find each 
of the following: 
(a) the time it was in the air;  
(b) the initial upward speed;  
(c) the kinetic energy it had just after it was thrown;  
(d) the gravitational field energy of the ball-earth system when the 
ball is at the top of its trajectory. 

15. Obtain a "super ball" and carry out some experiments in which it 
bounces strangely. (See the diagram to left.) Explain your observa-
tions qualitatively in terms of Newton's theory. 

16. Calculate the average acceleration of the golf ball in Fig. 14.6 from 
measurements made on the photograph, as follows. 
(a) Select three time intervals during which the ball was not bounc-
ing on the table. Comment on your result. 
(b) Select two time intervals during which the ball was bouncing on 
the table. Comment on your result and compare with (a). 

17. Suppose you did not know the time interval between flashes in Fig. 
14.6. Devise a procedure and apply it to determine the time interval. 
You may assume that all time intervals are equal and that the grid-
lines in the figure are (as stated in the caption) 0.11 meter apart. 

18. Figure 14.9 was used to verify that the dry ice puck was in me-
chanical equilibrium according to Newton's first law (constant 
speed, straight-line motion). What definitions of "speed" and 
"straight line" were used implicitly? 

19. What is the minimum number of successive flash photographs that 
are needed for a determination of acceleration? Explain. 

20. Explain in what way the acceleration listed in Tables 14.3 and 14.4 
is an "approximate" rather than an average value. Describe condi-
tions under which the approximation should be a good one and those 
when you expect it to be poor. 

21. Describe one or more familiar phenomena for which the flat earth 
model (Section 14.4) is not adequate. 

22. Compare the two possible points of view toward Eq. 14.13 and ex-
plain your preference. 

23. Imagine the thought experiment in which a marble is dropped in a 
freely falling chamber. 
(a) Describe the observations made in such an experiment, using the 
chamber as reference frame. 
(b) Is the chamber an inertial reference frame while it is falling 
freely? Explain your answer. 
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24. You often read in the newspaper about the "weightlessness" of as-
tronauts in an orbiting spacecraft. 

(a) Discuss this description from the Newtonian point of view. 
(b) Comment on the suitability of the spacecraft as an inertial refer-
ence frame before launching, during takeoff, during orbital motion, 
and during reentry. 

25. Interview four or more children (ages 8-12) concerning their expla-
nation of motion. (Suggestion: Select some moving objects and ask, 
"Why does . . . move?" or, "What makes . . . move?" or another form 
of the question that you find effective.) Interpret the children's an-
swers in terms of Newtonian and Aristotelian theories. 

26. Interpret the conversation in the margin to the left in the context of 
the Newtonian theory. Identify the partial forces that act, the net 
force on the cat's tail, and the aptness of Johnny's remark. 

27. Give two or more examples from everyday life of the conservation 
of momentum. If possible, explain any apparent loss of momentum. 

28. Apply Newton's third law to identify the "reaction" forces in the 
following examples of forces. 
(a) A rocket exerts a force expelling the exhaust gases. 
(b) A car's tires exert a frictional force against the road. 
(c) The earth exerts a gravitational force on you. 
(d) A stretched rubber band exerts an elastic force on your fingers 
stretching it. 
(e) The sun exerts a gravitational force on the earth. 

29. Because momentum is conserved, it makes sense to speak of a 
"momentum source" that exerts a force and thereby transfers mo-
mentum to a moving object. Identify the momentum source (which 
exerts force) and the energy source for the moving object in each of 
the following examples. In each case, the momentum source may or 
may not be the same as the energy source. 
(a) A bullet is fired by a gun. 
(b) A baseball is hit by a bat. 
(c) A bowling pin is hit by a bowling ball. 
(d) An automobile accelerates. 
(e) A broad jumper leaps. 

30. Two children on ice skates face each other and push with their 
hands against one another. Assuming that the children have different 
masses, describe what will happen. 

31. A 75-kilogram man stands in the stern (back) of a 50-kilogram ca-
noe while the canoe is stationary in the water. He walks toward the 
bow (front) with a speed of 1 meter per second relative to the canoe. 
(a) Describe qualitatively what will happen. 
(b) Calculate the speed of the man relative to a shore-based refer-
ence frame. (Neglect friction between the boat and the water.) 

Mother: "Johnny! Don't pull 
the cat's tail like that."  

Johnny: "I'm only holding it, 
Mom. The cat is pulling." 
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32. A small rocket motor ejects 5 kilograms of exhaust gases per sec-
ond, with an exhaust speed of 1700 m/sec (relative to the rocket). 
The rocket is moving at 600 meters per second relative to the earth 
and its mass is 200 kilograms at that time. 
(a) Calculate the rocket motor's thrust. 
(b) Calculate the speed change of the rocket in one second. 
(c) Calculate the kinetic energy change of the rocket in one second. 
(d) Calculate the kinetic energy change of the fuel-oxygen mixture 
burned in one second and exhausted. 
(e) Four and a half kilograms of exhaust are produced by the com-
bustion of 1 kilogram kerosene fuel. Calculate the chemical energy 
consumed during 1 second of operation (see Table 10.6). Discuss 
what happens to this energy from the viewpoint of energy conserva-
tion. 

33. (a) How much kinetic energy does an 80-kilogram parachutist ac-
quire when he jumps from a plane and falls 500 meters before the 
chute opens? (Assume that there is no friction with the air.) 
(b) What happens to the kinetic energy when the chute opens and 
the man-chute system slows down suddenly? 
(c) Enumerate the partial force (or forces) that bring about the 
change of velocity after the chute opens. 

34. Make a mathematical model that relates the speed of a falling object 
to the distance it has fallen from rest. (Hint: The kinetic energy of a 
falling object is transferred from the gravitational field energy stored 
in the object-earth system.) 

35. Romeo would like to throw flowers to Juliet, whose balcony is 6 
meters above street level. What upward speed does Romeo have to 
impart to the flowers? (Hint: Kinetic energy is transferred to gravita-
tional field energy.) 

36. A pole vaulter wishes to clear a bar 5 meters high. Approximately 
what speed must he attain during his running start? 

37. Write a critique of the Newtonian theory from your point of view. 
Identify those features (if any) that you find useful, intellectually 
satisfying, difficult, confusing, or contrary to your experience. 

38. Give a qualitative analysis of the following situations in terms of 
Newtonian theory. Identify the partial forces acting on the italicized 
objects, point out a nonzero net force acting on any object, and men-
tion any relationships between forces that are consequences of New-
ton's laws. 
(a) A stalemated tug-of-war between two children using a rope. 
(b) A car accelerating on a level road. 
(c) A pole vaulter vaulting over a bar with a fiberglass pole. (Select 
two stages during the motion for analysis.) 
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