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3 Forces and Motion 
Along a Line

This photo shows a flea pulling a toy cart. In 1996 and 1997

Maria Fernanda Cardoso, a contemporary Colombian artist,

created a circus of trained fleas and toured with them. Car-

doso used a thin wire to attach Brutus, “the strongest flea

on Earth,” to a toy train car. She then used sound and car-

bon dioxide to induce Brutus to hop. Videos show that

when Brutus hops, the train car jerks through a distance of

about one centimeter. This is an amazing feat because the

mass of the toy train car is 160,000 times greater than that

of a flea.

How is it possible for a flea
to pull 160 000 times its
mass?

The answer is in this chapter.



3-1 What Causes Acceleration?

As part of our study of the kinematics of one-dimensional motion, we have intro-
duced definitions of position, velocity, and acceleration. We have used these defini-
tions to describe motion scientifically with graphs and equations. We now turn our at-
tention to dynamics— the study of causes of motion. The central question in dynamics
is: What causes a body to change its velocity or accelerate as it moves?

Everyday experience tells us that under certain circumstances an object can
change its velocity when you interact with it with a push or pull of some sort. We call
such a push or pull a force. For example, the velocity of a pitched baseball can sud-
denly change direction when a batter hits it, and a train can slow down when the engi-
neer applies the brakes. However, at times an obvious interaction with an object does
not cause a velocity change. Hitting or pushing on a massive object such as a brick
wall does not cause it to move. To make matters more complex, many objects seem to
undergo velocity changes even when no obvious interaction is present—a car rolls to
a stop when you take your foot off the accelerator, and a falling object speeds up.

The laws of motion that relate external interactions between objects to their ac-
celerations were first developed by Isaac Newton, pictured in Fig. 3-1. These laws lie
at the heart of our modern interpretation of classical mechanics. Newton’s laws are
not absolute truths to be found in nature. Instead, they are part of a logically consis-
tent conceptual framework that has emerged from the historical development of con-
cepts, definitions, and measurement procedures.

Newton’s laws have attained universal acceptance because they agree with count-
less observations made by scientists during the past 300 years. They have enabled us
to learn about the fundamental nature of gravitational, electrical, and magnetic inter-
actions. Engineers use the laws of motion and a knowledge of forces to predict pre-
cisely what motions will occur in the design of industrial-age devices such as engines,
bridges, roadways, airplanes, and power plants.

In this chapter we begin our study of the causes of motion along a straight line. In
chapters that follow we will extend this study to motions in two and eventually three
dimensions.

3-2 Newton’s First Law

In order to start thinking about what causes changes in an object’s velocity, let’s set up
a thought experiment in which a small object sitting on a level surface is given a swift
kick. How would you describe its motion in everyday language? Perhaps you might
say something like, “The object speeds up quickly during the kick, but afterward, it
begins to slow down as it slides or rolls along the surface, and eventually it comes to a
stop.” What caused the object to speed up (to change velocity) in the first place? The
force of your kick did that. But after the kick is over, what caused the object to slow
down? Before Newton’s Principia was published in 1689, most scientists believed that
the natural state of motion is rest and that a sliding object slows down and stops be-
cause there is no force to keep it moving.

Let’s try to figure out whether this belief that a force is needed to keep an object
in motion makes sense by looking at the outcome of an experiment. In the experi-
ment, an object is given a kick and then its velocity is measured as a function of time
as it slows down. In particular, the velocities of a plastic box and a small cart are mea-
sured as the object moves on different level surfaces—a rough carpet and a smooth
track. In each case, the velocity of the slowing object is recorded by a motion detector
attached to a microcomputer-based laboratory system. Figure 3-2 shows the experi-
mental setup for two situations of interest—a cart rolling on a track and a plastic box
sliding to a stop along a carpet.
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FIGURE 3-1 � Isaac Newton (1642–1727)
was the primary developer of the laws of
classical mechanics.



Figure 3-3 shows what happens to the x-components of velocity of the plastic box
and cart in different situations. Each object is given roughly the same initial kick, but
the objects slow down differently. The box sliding on the carpet comes to a stop in just
over 0.2 s, but the cart rolling on the carpet takes 1.1 s to come to a full stop. Finally
we see that the cart rolling on the smooth track still has 80% of its original speed.
What enables the cart even after 1.2 s to move so much more freely on the track than
the objects in the other situations? 

Let’s return to the question that motivated the experiment: Is a force required to
keep an object moving at a constant velocity? At first glance, the answer is yes, since
the object of interest slows down after the kick in each case. But wait a minute! After
the kick, the rate of slowing is different in each case. This suggests that the slowing is
caused by different forces between the object and the surface over which it moves. We
associate the longer slowing time with a smaller frictional force exerted on the object
by the surface. A reasonable inference is that it doesn’t require a force to keep an ob-
ject moving at a constant velocity. Rather, forces are present that are causing it to
slow down. So what is the natural state of motion in the absence of forces?

Imagine what would happen if we could make the surface that the cart and plastic
box move on smoother and smoother or minimize the horizontal friction forces on an
object by using an air track, hovercraft, or moving it in outer space. The object would
move farther and farther. What if we could observe an object in motion that has no
interactions with its surroundings and hence no forces on it? Our experiment suggests
that it could move forever at a constant velocity. This was Newton’s answer to this
question and is embodied in his First Law of Motion, expressed here in contemporary
English rather than 17th-century Latin:

NEWTON’S FIRST LAW: Consider a body on which no force acts. If the body is at rest, it will
remain at rest. If the body is moving, it will continue to move with a constant velocity.
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FIGURE 3-2 � Two objects are moving
away from a motion detector. The cart on a
level track is slowing down very little (top
panel), and a plastic box sliding on a carpet
is slowing to a stop much sooner than the
cart on the track (bottom panel).
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FIGURE 3-3 � An overlay graph of the x-component of velocity vs.
time for objects slowing to a stop in three different situations. Al-
though the rate of velocity decrease is linear in each case, the slowing
rate is distinctly different for each object/surface combination. Note:
Data for position vs. time were obtained using an ultrasonic motion
detector. In each case, the position vs. time data were fit very accu-
rately with a quadratic function and the first time derivative of each x
vs. t fit equation was used to determine instantaneous velocity vs. time
equations. Each of these v vs. t equations was plotted at the times that
position data were recorded.



What is force? Clearly Newton is defining force here to be an agent acting on a
body that changes its velocity. In the absence of force, a body’s velocity will not
change. We can state this definition of force more formally.

FORCE is that which causes the velocity of an object to change.

Newton’s First Law and his definition of force seem sensible when applied to an
object at rest or moving at a constant velocity in a typical physics laboratory.
However, in order to measure the velocity of an object, we must choose a coordinate
system or reference frame to measure the positions as a function of time. As you saw
in Chapter 2, these measurements are needed to calculate velocities and accelerations.

Can we expect Newton’s First Law to hold in any reference frame? It turns out
that Newton’s First Law doesn’t hold in all frames of reference. For example, consider
what happens to an object in a frame of reference that is accelerating. It is common to
see pencils and other small objects that were at rest in a car’s frame of reference
spontaneously begin to roll around on a dashboard when a car suddenly speeds up or
slows down. In this case, Newton’s First Law doesn’t appear to hold. For this reason,
Newton’s First Law is often called the law of inertia. Reference frames in which it
holds are called inertial frames. Thus, any accelerating frame of reference, in which
resting objects appear to start moving spontaneously such as those in a vehicle that is
speeding up, slowing down, or turning, is a noninertial frame. Newton’s First Law only
holds in inertial reference frames. As we develop Newton’s other laws of motion, we
will restrict ourselves to working in inertial reference frames in which the first law is
valid.

READI NG EXERC IS E  3-1 : Consider the graph shown in Fig. 3-3. (a) Roughly how
many seconds does it take the cart rolling on the rough carpet to come to a complete stop? (b)
Assuming the cart traveling on the smooth track has a speed of 0.8 m/s at t � 0.0 s, what per-
cent of its initial speed does the cart rolling on the track still have just as the cart on the carpet
has come to rest? �

READI NG EXERC IS E  3-2 : (a) Describe a noninertial reference frame that you have
been “at rest” in. (b) What observations did you make in that frame to lead you to conclude
that it was noninertial? �

3-3 A Single Force and Acceleration Along a Line 

We will simplify our investigation of force and the changes in velocity that it produces
by first considering situations in which a single force acts on an object in an inertial
reference frame. After we study how a single force affects the motion of an object, we
will investigate what happens to an object’s motion when two or more forces are act-
ing on an object along its line of motion.

Consider the motion of a person riding on a low-friction cart that can roll easily
under the influence of a force. A steady pulling force is applied to the cart and rider.
The force acts along the line of the cart’s motion. The person who is pulling maintains
a steady force on the cart and rider by keeping a short piece of bungee cord stretched
to a constant length as shown in Fig. 3-4. By directing a motion detector toward the
back of the cart rider, we can track the motion with a computer data acquisition
system. If the pulling force is the only significant force on the rider in the direction
of his motion, then the results displayed in Fig. 3-5 lead us to make the following
observation.
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OBSERVATION: A constant force acting on an object causes it to move along a straight line
with a constant acceleration that is in the same direction as the force.

This observation has been verified many times for different objects moving under the
influence of a constant push or pull when friction forces are small.

Many people believe that a constant force will cause a body to move at a constant
velocity. This common belief stems from everyday experiences such as driving a car
along a highway or sliding a heavy box along a floor. It takes a steady flow of gasoline
to move the car at a constant velocity. Thus, the experimental result that a constant
force causes a constant acceleration, as shown in Fig. 3-5, is surprising. Remember that
we have designed our experiment to apply a single force to a low-friction cart so
that there are no significant friction forces acting. Later in this chapter, we will discuss
how contact forces, involving a direct push or pull or friction between surfaces like
those experienced by a sliding box or a car moving along a highway, can cancel each
other to yield zero net force on an object. This can then lead us to situations in which
pushing or pulling forces, when counteracted by friction forces, do indeed cause bod-
ies to move at a constant velocity.

READI NG EXERC IS E  3-3 : (a) Describe an experience you have had in which
applying what seems like a steady force to an object did not cause it to accelerate. (b) Describe
a situation in which an object accelerated when you applied what seemed to be a steady force
to it. Note: You can experiment with applying a steady force to some objects readily available
to you. �

3-4 Measuring Forces

As we discussed in Chapter 1, in order to allow us to communicate with others precisely
and unambiguously, we need to define a standard unit and a scale for force just as we
did for distance, mass, and time. Since all physical quantities are defined by the proce-
dures developed for measuring them, we must start by defining a procedure for measur-
ing our standard unit of force. Our qualitative definition of force is that it is an interac-
tion that causes acceleration, so our standard method for measuring force involves
measuring how much acceleration a given force imparts to a standard object. We need
to decide, as an international community of scientist and engineers, what the standard
object we accelerate will be. It turns out that what we have chosen to use is the interna-
tional standard kilogram discussed in Chapter 1.The SI unit of force is the newton.

DEFINITION OF THE STANDARD FORCE UNIT: One newton of force is defined to be the
force necessary to impart an acceleration of 1 m/s2 to the international standard kilogram.

This definition of the newton assumes, of course, that all other forces experienced
by the standard mass are small enough to be neglected. To measure any other force in
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FIGURE 3-4 � A person riding on a low-friction cart is pulled by
another person who exerts a constant force along a straight line by
keeping the length of a bungee cord constant.
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FIGURE 3-5 � These graphs show velocity
and acceleration components vs. time for a
rider on a cart. For the first 0.5 s (region A)
the cart is at rest. Between 0.5 s and 1.1 s
(region B) the cord is beginning to stretch.
Between 1.1 s and 2.0 s (region C) a con-
stant force is acting and the acceleration is
observed to be constant as well.
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newtons, we simply need to measure the acceleration of our standard object in a low-
friction setting and compare its acceleration to 1 m/s2.

Other units of force that are still used in the United States are summarized in Ap-
pendix D. These include the dyne, the pound, and the ton.

In order to measure a force in standard units, we must allow it to accelerate a 1 kg
object that is free to move without experiencing significant friction forces. For practi-
cal reasons we have chosen to measure force by accelerating a low-friction cart on a
smooth, level track instead of the actual standard kilogram. We start by adjusting the
cart’s mass so that it balances with a facsimile of the international standard kilogram.

Next we set up an ultrasonic motion detector with a computer data acquisition
system to measure the change in position of the cart as a function of time as it acceler-
ates. The computer data acquisition software can then be used to calculate velocity
and acceleration values as a function of time from the position data.

Suppose that someone pulls our low friction cart along a track by means of a
spring attached to one end of the cart. Assuming the spring is not yet stretched so far
as to be permanently deformed, then the farther it is stretched the greater the size or
magnitude of the pull force. The different strengths of pull impart different accelera-
tions to our cart. For a certain strength of pull we find that we can impart an accelera-
tion of 1 m/s2 to the cart—measured by the computer data acquisition system. Of
course, this length of the spring is by definition acting on the standard cart with a
force of 1 N.

How could we exert a force on the cart of 2 N, 3 N, and so on? We can pull harder
on the spring so it stretches enough to cause the cart to accelerate at 2 m/s2. The
process can be repeated to yield an acceleration of 3 m/s2, and so on as illustrated in
Fig. 3-6.

Thus, a force can be measured by the acceleration it produces on a standard 1 kg
object.

Acceleration is a vector quantity that has both a magnitude and direction. Is force
also a vector quantity? Does it have a direction as well as a size associated with it? In
order to answer the question of whether force is a vector quantity, consider the fol-
lowing question: Is a force of 1 N directed to the right different from a force of 1 N di-
rected to the left? If so, how? The answer is “yes,” these forces are different. A force
directed to the right will cause an object to accelerate to the right, and a force di-
rected to the left will cause an object to accelerate to the left. Thus, a force has both a
magnitude and a direction associated with it. As we discussed in Section 2-2, to qualify
as a vector, a force must also have certain other properties that we have not yet speci-
fied. However, it is reasonable for now to assume that force behaves like a vector.

Measuring force by setting up a system for measuring the acceleration of a stan-
dard object is very impractical. Most investigators take advantage of the fact that elas-
tic devices such as springs, rubber bands, and electronic strain gauges (used in the
electronic force sensor in Fig. 3-8) stretch more and more as greater forces are ex-
erted on them. These devices can be calibrated “properly” by using the “official”
method for measuring force. We can designate a 1 newton force as that which causes
our standard mass to accelerate at 1 m/s2 and record the amount of stretch or the elec-
tronic reading for the new device. Then we can designate a 2 newton force as that
which leads to an acceleration of 2 m/s2 and record the response of the new device
and so on for other forces. More often, a secondary calibration can be performed by
comparing the readings of a given force-measuring device to that of another force-
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FIGURE 3-6 � An experiment in which a
spring is used to apply steady forces to a 1
kg cart. First the spring is stretched enough
to yield an acceleration of 1 m/s2, so by de-
finition the force applied to the 1 kg cart is
1 N. As the spring is stretched more and
more, the forces on the cart become larger
and accelerations of 2 m/s2 and then 3 m/s2

can be created.
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FIGURE 3-7 � Two types of spring scales
that can be calibrated to measure forces in
newtons by relating the gravitational force
exerted by the Earth on a 1 kg weight to
the amount of spring stretch.



measuring device that has already been properly calibrated. Spring scales, like those
shown in Fig. 3-7, are very popular devices for measuring force. This popularity stems
from the fortunate fact that the amount by which a spring stretches is directly propor-
tional to the magnitude of the force acting on the spring—provided the spring is not
overstretched. This proportionality was discovered in the 17th century by Robert
Hooke, and will be discussed more formally in Chapter 9. The proportionality
between spring stretch and force is a convenient property, but not necessary. We could
just as well use a nonlinear device such as a piece of bungee cord.

READI NG EXERC IS E  3-4 : A typical rubber band does not obey Hooke’s law. How-
ever, it can be used as a force scale if not stretched to its limit. Describe how you might use a
properly calibrated spring scale, like one of those shown in Fig. 3-7, to create a device that uses
the elasticity of a rubber band to measure force. �

3-5 Defining and Measuring Mass 

We know from experience that if we push steadily on a wheelbarrow it is much harder
to get it moving when it’s full than when it’s empty. We also know that it is much
harder to lift a wheelbarrow when it’s full. We can summarize these observations with
the statement that a large amount of stuff is harder to move than a small amount of
stuff. But how do we measure how much larger “an amount of stuff” on a loaded
wheelbarrow is than on an unloaded one? Suppose we pile our wheelbarrow with a
huge mound of hay and try to lift it or pull on it. What happens if we replace the hay
with a relatively small lead brick? How much hay is the same amount of stuff as a
small lead brick? How do we know?

In Section 1-2 we introduced the term mass as a measure of “amount of stuff” and
stated that quantities are defined by the procedures used to measure them. In the last
section we defined force in terms of basic procedures for measuring it. In this section
we will do the same for mass. We introduce two quite different procedures for mea-
suring mass based on two questions: How hard is it to lift a certain pile of stuff? And
how hard is it to accelerate the pile of stuff with a standard force?

Measuring Gravitational Mass
As we mentioned in Chapter 1, the most common historical procedure for measuring
mass is to compare the effect of the gravitational forces on two objects using a bal-
ance. As early as 5000 B.C.E., ancient Egyptians used the equal arm balance for com-
paring masses to a standard mass (Fig. 3-9).

We assume that two objects have the same mass if they balance with each other.
If two masses balance, they are experiencing the same gravitational force. The mass of
replicas of the standard 1 kg mass are adjusted using a balance. We can create a mass
scale by assuming that masses add so that two replicas of the standard 1 kg mass have
a combined mass of 2 kg, and so on. We can also create masses that are fractions of a
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FIGURE 3-8 � An electronic force sensor
that can be used with a computer data ac-
quisition system. When the hook at the
bottom is pushed or pulled, a metal ele-
ment is compressed or flexed. This is de-
tected by an electronic strain gauge, which
puts out a voltage proportional to force.

FIGURE 3-9 � An old fashioned balance is
used to measure gravitational mass using
1 and then 2 replicas of a standard 1 kg
mass. So the sphere has a gravitational
mass of 1 kg. The cart loaded with extra
mass has a gravitational mass of 2 kg.
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FIGURE 3-12 � Graphs of measured force and acceleration as a function of time. An
accelerometer is attached to a force sensor as shown in Fig. 3-11. The combination is being
pushed and pulled. Signals from these sensors were sent to a computer via a computer data
acquisition interface. The similarity in the shapes of the real-time computer graphs reveal a
moment-by-moment proportionality between force and acceleration.

kilogram. For example, we can create 1/2 kg masses by creating two less massive ob-
jects that balance with each other, but combine to balance with a standard 1 kg mass.
Because this procedure for determining a mass involves balancing gravitational
forces, we call this type of mass gravitational mass.

In modern laboratories, triple beam balances, spring scales, and electronic scales
(Fig. 3-10) are used instead of the old-fashioned balance for measuring gravitational
mass. As the Earth attracts a mass hanging from a spring, the spring will stretch. A
mass on an electronic scale causes an electrical strain gauge to compress.

Measuring Inertial Mass
As we mentioned, another “measure” of how much stuff we have is to observe how
hard it is to get an object moving, or accelerate it, with a known force. We know that
by definition a 1 N force will cause a standard 1 kg mass to accelerate at 1 m/s2. In
general, when m � 1 kg, the magnitude of the acceleration is the same as that of the
force. What happens to the relationship between a single force and acceleration when
the mass is different from the standard mass?

If we set up a system to measure acceleration and force, such as the computer in-
terface system shown in Fig. 3-11 with an accelerometer and an electronic force
sensor attached firmly together, we can study how mass affects the relationship
between force and acceleration. We do this by pushing and pulling in a horizontal
direction on the force sensor–accelerometer system. We can then tape some addi-
tional mass on the system and repeat this procedure.

Figure 3-12 shows graphs of both the x-component of force vs. time and the
x-component of acceleration vs. time for a system that has a gravitational mass of
150 g. We find that the force and acceleration components are directly proportional to
each other on a moment-by-moment basis. The evidence for this is the fact that the
graphs of force vs. time and acceleration vs. time have the same basic shape and are
zero at the same times. By the same “graph shape” we mean that if the force is twice
as large at one time than another, then so is the acceleration.
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FIGURE 3-10 � A modern electronic bal-
ance uses an internal electronic strain
gauge to measure gravitational mass. Al-
though the principle on which it works is
not obvious, it gives the same result as
spring scales do.

x axis

Force
sensor

Accelerometer

To computer

To computer

FIGURE 3-11 � Setup showing an electronic accelerometer tracking the accel-
eration as a function of the forces of a push or pull on a system consisting of it-
self, a force sensor, and additional mass. The system is held firmly by the hook
that is attached to the sensitive area of the force sensor. It is then pushed and
pulled horizontally in mid-air with gentle but rather erratic motions.



In Figure 3-13 we use the same data displayed in Fig. 3-12 for the 150 g gravita-
tional mass to graph the x-component of force as a function of the x-component of ac-
celeration. The fact that this new graph is a straight line that passes through the origin
is additional evidence that there is a direct proportionality between force and acceler-
ation. The constant of proportionality is given by the slope of the graph.

We define the INERTIAL MASS of a system as the constant of proportionality between accel-
eration and the force that causes it.

Indeed, we see that if we now do the experiment shown in Fig. 3-13 with a 200 g
gravitational mass we get a larger slope. This indicates that when there is more mass it
takes more force to get the same acceleration. Perhaps the most interesting feature of
Fig. 3-13 is that the inertial masses measured as the slopes of the graphs are
the same as the values of the gravitational masses measured with a balance—at least
within the limits of experimental uncertainty.

The inertial mass of an object tells us how much it resists acceleration, whereas
the gravitational mass is a measure of how hard the Earth pulls on an object. Sophisti-
cated experiments involving precise measurements of the gravitational forces be-
tween two objects in a laboratory using a device known as a Cavendish balance have
shown that there is no difference between the two types of mass to within less than
one part in 1012. Since the two types of mass seem to have the same values, we will
drop the distinction between them and just refer to mass.

3-6 Newton’s Second Law for a Single Force 

The general relationship between force, mass, and acceleration discussed in Section
3-5 is known as Newton’s Second Law. By pulling together conclusions we have
reached so far, we will state this law for the case of a single force that acts alone
along a line. We will then proceed, in this chapter and those that follow, to show that
this law is also valid when more than one force acts and when forces act in two di-
mensions.

How is the acceleration of a body related to its mass and the force acting on it?
The experimental evidence presented in Figs. 3-12 and 3-13 shows that the accelera-
tion of a body is directly proportional to the force acting on it. The experimental re-
sults in Fig. 3-13 show acceleration to be inversely proportional to the mass of the
body. That is, looking at the graph, we can see that for a given force acting on a body,
the acceleration imparted to it is less when the body’s mass is large than when it is
small. Combining these two relations with our definition of the unit force as produc-
ing a unit acceleration of a unit mass, we can summarize what we now know in the
single equation

(3-1)

The arrows shown in Eq. 3-1 serve as a reminder that we believe that both force
and acceleration are vector quantities that have magnitude and direction. The force
on a body and acceleration caused by it are in the same direction. Mass is a scalar
quantity that does not have a direction associated with it. Newton’s Second Law can
also be put in words:

NEWTON’S SECOND LAW FOR A SINGLE FORCE: When a single force acts on an object, it
will cause the object to accelerate in the direction of the force. The amount of acceleration
is given by the acting force divided by the object’s mass.

a: �
F
:

m
.
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FIGURE 3-13 � Graphs of the horizontal
force vs. acceleration components for the
accelerometer– force sensor system
(shown in Fig. 3-11) as it is being pushed
and pulled in a horizontal direction. Two
system masses were used, 0.150 kg and
0.200 kg. The resulting slopes for the Fx vs.
ax graphs show a proportionality between
force and acceleration with the constant of
proportionality being equal, within the lim-
its of experimental uncertainty, to the grav-
itational mass of the system in each case.



Because it is easier to write, the most common way to refer to Newton’s Second
Law is in the form

(3-2)

If the force lies along the x axis, then and . So we can also express
the Second Law in terms of the force and acceleration components as Fx � max.

Equations 3-1 and 3-2 represent an interesting combination of definitions and a
law of nature. In both Eqs. 3-1 and 3-2, the equality sign does not mean that the two
sides of an equation are the same physical quantities or that force is defined as the
product of mass and acceleration. Rather, Eq. 3-2 provides a method for predicting
the acceleration of an object when its mass and the force acting on it are known. Al-
ternatively, Eq. 3-2 tells us that a measurement of acceleration and mass can be used
to determine the force on a body that is causing it to accelerate.

For standard SI units, tells us that

1 N � (1 kg)(1 m�s2) � 1 kg � m �s2. (3-3)

Force units common in other systems of units are given in Appendix D.
So far we have been studying the relationship between motion and force under

very limited circumstances. We have restricted our study to forces acting along a line
in an inertial reference frame. We have also restricted ourselves to observations in
which we think that the applied force acting on an object, such as a low-friction cart, is
the only significant interaction the object is experiencing. By applying this rather un-
realistic set of restrictions, we were able to formulate initial definitions of force and
mass. We then combined these definitions with observations to develop two of New-
ton’s three laws of motion.

As we already suggested, Newton’s first two laws are not simply valid by defini-
tion in the way that or are. Rather, they represent a combina-
tion of definitions and natural laws. Can we refine these laws so they are valid in
more complicated situations that describe forces and motion along a line? In particu-
lar, what happens when more than one force is acting at the same time? How do
forces combine? What other forces besides the forces we apply can act on a body?
What evidence is there that these forces are real? When forces are obviously due to
interactions between two or more bodies, does a body acted upon also exert forces
on the body acting on it? How are these related? The rest of this chapter will be de-
voted to dealing with these questions. Chapters 5 and 6 will deal with how to use
Newton’s laws to predict motions that result from forces that act in two and three di-
mensions.

The Flea Pulling a Train
Let us return to the question we asked at the beginning of the chapter. How can a
jumping flea with a tiny mass pull an object that is 160,000 times more massive? When
it comes to jumping, insects have a big advantage over larger animals. The strength of
their legs increases as the square of the diameter of their legs while the mass that they
push off with goes as the cube of their body dimensions. Thus the ratio of the mass
they lift with their legs to their cross-sectional area is much smaller than it is for a
large animal. While a world-class high jumper can barely jump his or her own height,
a flea can jump up to 150 times its own height. So a 2-mm-tall flea can jump to a
height of about 30 cm.

The flea’s secret is that he can launch himself at a high speed. Suppose Brutus,
whose mass is only about 2 � 10�3 g, starts a 30-cm high hop that takes him up and
forward at the same time. Our flea will be moving at a pretty high horizontal speed.
Using kinematic equations, we can estimate its initial hopping speed to be over 2 m/s.

a: � d v:/dtv: � d x:/dt

F
:

� m a:.

a: � ax îF
:

� Fx î

F
:

� m a:.
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Before the flea completes his hop, it will be rudely interrupted as he comes to the end
of the wire. The wire begins to stretch and the wire then pulls Brutus to a sudden stop.
But the force that Brutus exerts on his end of the wire while he is being stopped will
be transmitted along the wire to the train. This causes the train, which has a mass of
32 g, to jerk forward. While Brutus is falling down, the friction in its wheels causes it
to roll to a stop also.

Because Brutus is not pulling with a steady force, it is difficult to make
detailed calculations of the motion of the train he is pulling on. Instead, in Touchstone
Example 3-1 we calculate what happens to a man who pulls steadily on a pair of real
passenger cars.

READI NG EXERC IS E  3-5 : A student sitting on a skateboard is pulled with a hori-
zontal force to the left of magnitude 26 N and accelerates at 0.42 m/s2. (a) Write the expressions
for force and acceleration in vector notation using the unit vector. (b) What is the combined
mass of the student and skateboard? (c) The mass of a student and her skateboard is measured
using a European bathroom scale calibrated to read in kilograms. What is the scale reading? �

READI NG EXERC IS E  3-6 : Consider your answers to Reading Exercise 3-5. (a)
Which mass measurement is a determination of inertial mass, the one made in part (b) or part
(c)? Explain. (b) What assumption did you make in determining your answer to part (c)? �
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John Massis is shown in the photo pulling two passenger cars by
applying a steady force to them at an angle of about 30° with re-
spect to the horizontal. Assume instead that Massis had pulled the
two cars of mass 8.0 � 104 kg with a horizontal force of 2.0 � 103 N.
If there was no friction in the rails, what speed would the cars
have after Massis moves them a distance of 1.0 m from their resting
location?

S O L U T I O N � A Ke y  I d e a here is that, from Newton’s Second
Law, the constant horizontal pulling force on the cars that Massis ex-
erts causes a constant horizontal acceleration of the cars. Because
the force is constant, the motion is assumed to be one-dimensional,
so we can use the kinematic equations to find the horizontal velocity
component v2 x at location x2 (where x2 � x1 � �1.0 m).

Place an x axis along the direction of motion, as shown in 
Fig. 3-14. We know that the initial velocity component along the
horizontal axis v1 x is 0, and we assume that the displacement

is �1.0 m. However, we need to find the x-component of
acceleration, ax.

We can relate the x-component of the acceleration of the cars,
ax, to the pulling force on the cars from the rope by using Newton’s
Second Law. If we assume there are no friction forces, we can note
that a single pulling force acting along the horizontal axis in
Fig. 3-14 is

(3-2)

where M is the mass of the cars and and ax are the x-compo-
nents of the force and acceleration vectors.

In Fig. 3-14, we see that Massis is pulling in the x-direction, so
. Since the mass of the railroad cars, M, is

we can find ax by rearranging Eq. 3-2 and substituting
for and M. The acceleration component becomes

Next we use Eq. 2-13 

(3-4)

to find the velocity of the train after it has moved 1.0 m. Since
, we find that in this case.

To find �t, we can use the fact that the train’s average velocity is

�vx� �
�x
�t

�
v1 x � v2  x

2
,

v2 x � ax�tv1 x � 0

v2 x � v1 x � ax(t2 � t1) � v1 x � ax�t

ax �
F pull

x

M
�

2.0 � 103 N
8.0 � 104 kg

� 0.025 m/s2.

F pull
x

8.0 � 104 kg
F pull

x � 2.0 � 103 N

F pull
x

F pull
x � Max

x 2 � x 1

TOUCHSTONE EXAMPLE 3-1: Pulling a Train 

FIGURE 3-X � In 1974, John Massis of Belgium managed to move
two passenger cars belonging to New York’s Long Island Railroad.
He did so by clamping his teeth down on a bit that was attached to
the cars with a rope and then leaning backward while pressing his
feet against the railway ties. The cars together weighed about 80
tons, which is almost 1000 times more than the man’s mass.



FIGURE 3-15 � Pulling to the right on a
low-friction cart with a force of +4.0 N. If
the cart has a mass of 0.50 kg, then it will
accelerate to the right at �8.0 m/s2.
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3-7 Combining Forces Along a Line

We have discussed how a single applied force, such as a push or pull, affects the mo-
tion of an object. Now let’s go one step further and think about what happens if a sec-
ond applied force also acts on a body.

Suppose that you have a spring attached to a low friction cart like that shown in
Fig. 3-15. You pull on the cart using the spring, keeping the spring constantly stretched
to produce a constant force of magnitude 4.0 N to the right. Since you are applying a
constant force to the cart, it will speed up with a constant acceleration. That is, the
cart’s velocity will increase at a constant rate.

What do you think would happen if a friend simultaneously pulled on the cart in
the same manner, with the same magnitude of force, but in the opposite direction as
shown in Fig. 3-16? Would the cart still accelerate? Clearly the answer is “no.” How is
the motion of the cart affected if you and your friend each apply a 2.0 N force to the
cart in the same direction? Measurement reveals two things. First, the acceleration
produced by a single 4.0 N force is twice that produced by a single 2.0 N force. Sec-
ond, a single 4.0 N force produces the same acceleration as two 2.0 N forces applied in
the same direction, as shown in Fig. 3-17.

FIGURE 3-16 � (a) Pulling to the right on
a low-friction cart with a force as someone
pulls to the left with the same magnitude
of force. Thus, , so the forces
cancel and the cart doesn’t move. (b) A
simple diagram representing the forces
acting on the cart. Such a diagram is called
a free-body diagram.

F
:

R � F
:

L � 0

FA = (4.0 N)î

FR = (+4.0 N)i

FRFL

FL = (–4.0 N)i

(a)

(b)

ˆ ˆ

F

F

(a)

(c)

FB =

F

(b)

(d)

1__
2

F1__
2

F1__
2

FA = F1__
2FIGURE 3-17 � (a) and (b): Pulling to the

right on a low-friction cart with one force
yields the same acceleration on it as two
forces pulling to the right do when each
has half the magnitude of the single force.
(c) and (d): Free-body diagrams of situa-
tions (a) and (b).

then solve this equation for �t. Again using v1 x � 0, this yields
. By substituting back into Eq. 3-4, we find that

or, more simply,

(Answer)

We assumed in this calculation that the force Massis exerted on the
railroad cars was horizontal. Actually his pull was not quite hori-
zontal. This made his job harder. Can you see why?

v2 x � √2ax�x � √(2)(0.025m/s2)(1.0 m) � 0.22m/s .

v2 x � ax�x/(v2 x 
/

  
2)

�t�t � �x/(v2 x 
/

  
2)

ax= axi

Fx
pull = Fx

pull i

x

ˆ

ˆ
FIGURE 3-14 � Force diagram for the passenger cars
attached to a rope. The rope is pulled by Massis with
his teeth. We assume that Massis was pulling horizon-
tally in a positive x-direction.



These observations indicate that keeping track of the magnitudes and directions
of all the forces acting on an object is very important if we want to be able to make
predictions about the object’s subsequent motion. A special type of diagram, called a
free-body diagram, is an especially useful technique for doing this. Figures 3-16b and
3-17c and d show free-body diagrams that represent various situations.

We construct a free-body diagram by representing each object we are investi-
gating as a point. For example, in Fig. 3-17, we are interested in the motion of the
cart (not the hand) and so we represent the cart as a point. We then draw a force
vector (as an arrow) for each force acting on the object. We place the tail of each
force vector (arrow) on the point and draw the vector in the direction of the force.
The relative magnitude of the forces is represented by the relative lengths of the ar-
rows. Hence, the two equal force vectors in Fig. 3-17 are shown to have the same
length. Finally, we label the force vectors so that we know which force each arrow
represents.

Free-body diagrams help us to translate pictures or statements of a situation into
mathematical expressions. That is, they help us to generate mathematical expressions
in which we treat a force as a vector quantity with both a magnitude and a direction.
As we discussed in Section 3-4, by normal convention, a horizontal force directed to
the right has a positive x-component and one directed to the left has a negative x-
component. Thus, each of the one-dimensional vectors we discussed can be repre-
sented as the combination of its magnitude and direction as follows:

Two 4.0 N forces acting in opposite directions:

Two 2.0 N forces acting in the same direction:

The plus or minus sign carried with the vector components to denote the direc-
tion of vectors makes it easy for us to remember in what direction the forces and ac-
celeration point along a chosen x axis. The signs make it possible to combine forces
mathematically using the rules of vector mathematics. As long as we denote direction
with signs as we did above, we can determine the combined effect of multiple forces
acting on an object simply by adding up the force components acting along a single
line. For example, in the case of our two forces that are applied in opposite directions,
we can determine the combined force, usually called the vector sum of the forces or
net force, by calculating the vector sum, so that

The net force or vector sum of the forces for the situation depicted in Fig. 3-17b can
be calculated as

When the forces do not have the same magnitude or direction, we can still use
vector sums. For instance, consider a 3 newton force to the right, denoted by its x-
component of �3 N, and a 2 newton force to the left, denoted by its x-component of
–2 N. These two forces combine to give a net force of 

F
: net � F

:

A � F
:

B � (�3 N � 2 N) î � (�1 N) î.

F
: net � (FA  x � FB  x) î � [�2.0 N � 2.0 N] î � (�4.0 N) î.

F
: net � F

:

A � F
:

B � FA x î � FB x î � (FA x � FB x) î � (�4.0 � 4.0 N) î � 0.

F
:

A � FA x î � (�2.0 N)î         F
:

B � FB x î � (�2.0 N)î

F
:

A � FA x î � (�4.0 N)î        F
:

B � FB x î � (�4.0 N)î
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This means that part of the influence of the 3 N force to the right is counteracted
by the application of a 2 N force to the left. In the end, an object with these two forces
acting on it behaves as if only a 1 N force, directed to the right, is present. So,

When two or more forces act on a body, we can find their net force or resultant force by
adding the individual forces as vectors taking direction into account.

A single force with the magnitude and direction of the net force has the same ef-
fect on the body as all the individual forces together. This fact is called the principle of
superposition for forces. The world would be quite strange if, for example, you and a
friend were to pull on the cart in the same direction, each with a force of 5 N, and yet
somehow the net pull was 20 N.

In this book a net force is represented with the vector symbol . Instead of
what was previously given, the proper statement of Newton’s First and Second Laws
should now be rephrased in terms of net forces.

NEWTON’S FIRST LAW: Consider a body on which no net force acts so that . If the
body is at rest, it will remain at rest. If the body is moving, it will continue to move with a
constant velocity.

This statement means that there may be multiple forces acting on a body, but if
the net force (the vector sum of the forces) is zero, then the body will not accelerate.
Remember, this doesn’t mean that the object is stationary. It simply means that the
object will not speed up or slow down.

We can also rewrite Newton’s Second Law in terms of net force.

NEWTON’S SECOND LAW FOR MULTIPLE FORCES: The acceleration of a body is the net
force acting on the body divided by the body’s mass.

This statement can be expressed mathematically by replacing the force in Eq. 3-1 with
net force, so that

. (Newton’s Second Law) (3-5)

Once again, because it is easier to write down, a common way to write Newton’s
Second Law for multiple forces in vector form is

or

where

Hence, if we want to know the acceleration of an object on which more than one
force acts, we can find it using the following procedure:

1. Draw a free-body diagram for the object of interest.

2. Determine the net force acting on the object.

3. Take the ratio of the net force to the mass of the object.

This procedure is used in the examples that follow. You will find it useful in complet-
ing many of the end-of-chapter problems as well.

F
: net � F

:

A � F
:

B � F
:

C � � � F
:

N.

F net
x � max,F

: net � ma:

a: �
F
: net

m

F
: net � 0

F
: net
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READI NG EXERC IS E  3-7 : The figure below
shows two horizontal forces moving a cart along a fric-
tionless track. Suppose a third horizontal force could
act on the cart. What are the magnitude and direction of

when the block is (a) not moving and (b) moving to
the left with a constant speed of 5 m/s? �

READI NG EXERC IS E  3-8 : The figures that follow show overhead views of four situ-
ations in which two forces accelerate the same cart along a frictionless track. Rank the situa-
tions according to the magnitudes of (a) the net force on the cart and (b) the acceleration of the
cart, greatest first. �

F
:

C

F
:

C
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FA = (–1N)i FB = (+3 N)îˆ

(–2 N)i (+6 N)i

(–4 N)i (+4 N)i
(–3 N)i

(+2 N)i

(–2 N)i

ˆ ˆ

ˆ
ˆ

(–3 N)î

ˆ

ˆ

ˆ

In the overhead view of Fig. 3-18, a 2.0 kg cookie tin is accelerated
at in the direction shown by , over a frictionless horizon-
tal surface. The acceleration is caused by three horizontal forces,
only two of which are shown: with a magnitude of 10 N and 
with a magnitude of 20 N. Choose a coordinate system and then use
it to express the third force in unit-vector notation.

S O L U T I O N � The Ke y  I d e a here is that the net force on
the tin is the sum of the three forces and is related to the accelera-
tion of the tin via Newton’s Second Law ( ). Thus,

which gives us

(3-6)

A second Ke y  I d e a is that this is a one-dimensional problem for
which two of the forces and the acceleration are all along the same
line. This means that the third force must also lie along the line of
the acceleration. Thus we are able to choose a coordinate system in
which the three forces lie along a single axis. If we choose our x axis
to align with these forces, we have

Choosing the positive direction to be in the direction of the acceler-
ation, components ax and FB x are positive and the component
FA x is negative. Thus , , and 
(�10 N) .

Then, substituting known data and factoring out of the equa-
tion, we find

(Answer)
F
:

C � [(2.0 kg)(3.0 m/s2) � (�10 N) � (�20 N)] î � (�4 N) î.

î
î

F
:

A �F
:

B � (�20 N) îa: � (�3.0 m/s2) î

 � (max � FA x � FB x) î.

F
:

C � ma: � F
:

A � F
:

B � (max) î � FA  x î � FB x î

F
:

C � ma: � F
:

A � F
:

B.

F
:

A � F
:

B � F
:

C � ma:,

F
: net � ma:a:

F
: net

F
:

C

F
:

BF
:

A

 a:3.0 m/s2

TOUCHSTONE EXAMPLE 3-2: Three Forces

FB

FA

a

FIGURE 3-18 � Three forces act to pro-
duce an acceleration in the direction
shown. Only two of the three forces caus-
ing this acceleration are included in this
picture.

3-8 All Forces Result from Interaction

Careful observation of everyday motions should convince you that objects do not
spontaneously speed up, slow down, or change direction. Clearly, pushes, pulls, bumps,
winds, interactions with a surface during sliding motion, and so on, will influence
an object’s velocity by changing the object’s speed, direction, or both. According to
Newton’s Second Law, changes in velocity (accelerations) occur only when the ob-
ject experiences forces. Forces are always due to the presence of one or more other
objects.



FIGURE 3-19 � Two low-friction carts are
outfitted with neodymium magnets that re-
pel each other. Initially the cart on the left
bears down on the stationary cart on the
right. (a) A video frame shows the carts in-
teracting briefly at about 0.960 s but never
touching. (b) Graphs of position vs. time
for the two carts were obtained using
video analysis. An examination of the
changes in the slopes for each cart repre-
senting their velocity components enables
us to deduce that the carts undergo veloc-
ity changes due to forces acting in opposite
directions. A force to the left on the large
cart slows it down. A force to the right on
the small stationary cart starts it moving to
the right.
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In the course of your study of physics, you will be reading and hearing about
dozens of forces. Adjectives such as net, combined, total, friction, contact, collision,
normal, tension, spring, gravitational, electrostatic, magnetic, atomic, molecular, and
so on, will be bandied about. It turns out that currently there are only four fundamen-
tal forces that are known: gravitational, electromagnetic, weak nuclear, and strong
nuclear. However, essentially all of the types of forces introduced in this book (includ-
ing “friction forces,” “contact forces,” and “collision forces”) are actually fundamental
forces (either electromagnetic or gravitational.) These other descriptive adjectives are
used only to help us understand the physical situation in which various forces occur.

For example, in the first experiment we presented in this chapter, we tracked the
motion of objects that roll or slide to a stop on different horizontal surfaces after a
kick. Figure 3-3 showed that the rate of decrease of velocity for each of these objects
was a constant. In other words, each object experienced a constant acceleration until
it came to rest (or, in the case of the cart on the track, until data were no longer col-
lected). What causes the objects to slow down? Consider Newton’s Second Law and
our definition of force (as an agent that causes an acceleration). We must conclude
that each of the objects experienced a force. The only obvious interactions are inter-
actions with the surface along which it was sliding or rolling. We call this type of con-
tact interaction a friction force or, informally, friction. We found that in these cases the
direction of the friction force on an object is opposite to the direction of the object’s
motion. We know this because the object slows down.

Forces like pushes, pulls, those experienced in a collision, and the friction force on
a sliding or rolling object that moves over a surface are called contact forces because
the objects involved appear to touch. The interactions that cause contact forces are ul-
timately due to a superposition of many small electromagnetic forces between the
electrons and protons that the materials “in contact” are made of. Thus, contact forces
are ultimately electromagnetic forces! 

Another important contact force is a pull force exerted through a string, rope, ca-
ble, or rod attached to an object. This type of pulling force has a special name. It is
called tension. Tension is always a pull force. Hence, the direction of a tension force is
always the direction in which one would pull the object with a string or rope. The fun-
damental nature and origin of tension forces and frictional forces are discussed in
more detail in Chapter 6.

Many other forces seem much less obvious than contact forces because they act
at a distance. Electromagnetic and gravitational forces are capable of acting over
large distances. But as you will learn in this chapter and later in this book, the source
of these invisible or noncontact forces are not totally mysterious. If an everyday ob-
ject experiences an “invisible force,” we are always able to find it interacting with
other objects that have some combination of electrical charges, magnets, electrical
currents, or masses. An example of this is shown in Fig. 3-19, where two carts interact
“at-a-distance” by means of magnetic forces that act in opposite directions.

READI NG EXERC IS E  3-9 : Consider Fig. 3-3 depicting the results of measurements
on the motion of objects just after they have been given swift kicks along a positive x axis.
Assume that the cart and the box both have the same mass of 0.5 kg. (a) What is the accelera-
tion of the box on the carpet? Is it positive or negative? (b) What is the acceleration of the cart
on the track? Is it positive or negative? �

READI NG EXERC IS E  3-10: Consider your answers to Reading Exercise 3-9. As-
sume that the cart and the box both have the same mass of 0.5 kg. (a) In each case is the fric-
tion force on the object constant or changing as the box or cart slows down? Cite evidence for
your answer. (b) What is the magnitude of the friction force on the box due to its interaction
with the carpet? Does it point to the right or the left? (c) What is the magnitude of the friction
force on the cart due to the combined interaction of the cart wheels with the track and the cart
axle? Does it point to the right or the left? �

1.60

1.20

0.800

0.400

0.00 0.480 0.960
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x(
m

)

1.44 1.92 2.40

(b)
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3-9 Gravitational Forces and Free Fall Motion 

We now consider the forces the Earth exerts on objects near its surface. These forces
are called “gravitational forces.” Since we don’t want to complicate our exploration
with air resistance, we will limit ourselves to considering the motions of bodies that
are relatively dense, small, and smooth like balls and coins. Also, assume that these
objects are not moving at high speeds— say, in excess of about 5 m/s. In Chapter 6 we
discuss situations where air resistance is a significant factor, and in Chapter 14, we ex-
plore the question of how masses such as galaxies and planets exert gravitational
forces on each other in more general circumstances.

The Gravitational Acceleration Constant
We know that any object dropped near the Earth’s surface falls, but the fall is so rapid
that we can’t easily describe it. Does the object suddenly speed up to a natural veloc-
ity and then fall at that rate or does it keep speeding up? A casual observation tells
the story. Imagine lying on the floor while someone drops an apple on your forehead
from different heights. The impact of the apple will feel harder when the apple is
dropped from a greater height, so the apple must keep speeding up. The strobe photo
in Fig. 3-20 confirms that an apple and a feather falling in a vacuum keep speeding up.

At the end of Section 2-5 we asserted without any evidence that if there are no
other forces on an object, it would move downward with a magnitude of acceleration

. But how do we know this? Back in the early 17th century Galileo rolled
small balls of different masses down a ramp to slow their falling rates. He found that
the velocities of all the balls increased at the same rate.

Today we can use modern technology such as ultrasonic motion detectors, video
analysis, and strobe photos to make high-speed measurements of the position and
time of an object falling straight down like the tossed ball in Fig. 3-21. For example,
Figure 3-22 shows an analysis of a video clip of a small plastic ball shot vertically into
the air with a spring-loaded launcher. The graph of the y-component of velocity vs.
time was produced assuming that the y axis is pointing up. The graph shows that the
ball is changing its velocity at the same constant rate when the ball is moving upward,
turning around and moving downward. The measured acceleration component is the
slope of the Vy vs. t graph, and a linear fit to the graph yields a vertical gravitational
acceleration component of . Within the limits of experimental uncertainty,
we obtain the same result if we use a lead ball instead of a plastic one or for that mat-
ter any other object that doesn’t experience much air resistance.

The magnitude of the acceleration we measured, denoted as or a, is known as
the gravitational acceleration constant given by a � 9.8 m/s2. If air resistance is signifi-
cant, as is the case for a feather or sheet of paper falling through air, we will not ob-
tain the gravitational acceleration constant from an experiment like the one we just
described. However, the fact that the gravitational acceleration is independent of an
object’s mass, density, or shape can be verified by removing air in the vicinity of a
falling object. In Fig. 3-20, a feather and an apple are shown accelerating downward at
the same rate in a vacuum in spite of the fact that they have very different masses,
shapes, and sizes.

Gravitational Force and Mass Revisited
Since acceleration requires a net force, and the Earth doesn’t need to touch an object
to make it accelerate, we conclude that “gravity” is a noncontact force. Another piece
of evidence that this force of attraction exists is that if you hang an object vertically
from the spring force scale we developed in Section 3-4, the spring will be stretched.
The stretch of the spring implies that there is something pulling down on the object
and that the spring stretches just enough to pull the object up with the same magni-

� a: �

�9.8 m/s2

a � 9.8 m/s2
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FIGURE 3-20 � This strobe photo shows a
feather and an apple, undergoing free fall
in a vacuum. The time interval between
each exposure and the next is constant.
The feather and the apple appear to be
speeding up at the same rate, as evidenced
by the increase in distance between the
successive images.

FIGURE 3-21 � A ball of arbitrary mass is
tossed in the air near the surface of the
Earth. What is its acceleration?



FIGURE 3-23 � Depiction of a spring
scale used to determine the gravitational
force on an object near the surface of the
Earth. The scale reading is essentially the
same at all heights reasonably near the
Earth’s surface (including those found in
high flying passenger jets).

tude of force. If we use a spring scale like that shown in Fig. 3-23 to measure the gravi-
tational force on an object, we find that it is directly proportional to the mass. This is
not surprising since we know by experience that a bigger mass is harder to lift. We can
express the proportionality between mass and gravitational force in terms of the
force magnitude as

F grav � mg, so that (3-7)

where this constant of proportionality g is defined as the local gravitational strength.
The magnitude of the gravitational force F grav is commonly referred to as weight. Up
to an altitude of 16 km or so, g can be expressed to two significant figures as 

g � 9.8 N�kg (the Earth’s local gravitational strength).

Newton’s Second Law predicts that, for an object of mass m that has no other
forces on it except the gravitational force, the object will fall with an acceleration of
magnitude

(gravitational acceleration constant). (3-8) 

Thus we see that a and g have the same value and different but dimensionally
equivalent units. We use m/s2 when describing the gravitational acceleration a. We use
the units N/kg when describing the local gravitational strength, g.

Equation 3-7 tells us that the Earth pulls harder on a larger mass, whereas Eq. 3-8
tells us the larger mass is harder to accelerate. These two mass-dependent effects can-
cel each other! Thus, near the Earth’s surface,

The magnitude of the acceleration of any falling object is that of the GRAVITATIONAL ACCEL-
ERATION CONSTANT , independent of the mass of the falling object.

Other Properties of the Local Gravitational Force
So what are the characteristics of the gravitational force of attraction exerted by the
Earth on objects near its surface? Does this force change as time passes or if the posi-
tion of the object changes? The answers to these questions become clear if we consider
an object hanging vertically from our spring force scale at different times and places.

Time Dependence: What we see when performing force measurements with a
spring scale is that, for a given object, the amount that the spring stretches changes

9.8 m/s2

a � F grav/m � 9.8 m/s2

g �
F grav

m

F
: grav
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FIGURE 3-22 � Video analysis software is used to perform a frame-by-frame analysis of a
digital movie depicting the motion of a small tossed ball. Graphs of position vs. time and the
calculated average velocity vs. time are shown. A fit of the velocity vs. time graph reveals that
the ball undergoes a constant acceleration in the downward direction of magnitude 9.8 m/s2.



very little as time passes. Hence, we conclude that, at least over the span of a human
life, the force of gravitational attraction does not appear to be changing over time.

Height Dependence: How does the gravitational force on a given object change
with its height above the Earth’s surface or its location? The stretch of a spring scale
is approximately the same if we are standing at sea level, on top of a table, on top of a
tall building, on top of a mountain, or inside of a high-flying passenger jet. This idea is
pictured in Fig. 3-23. The gravitational force actually decreases with distance from the
surface of the Earth, but the percentage change over the range of elevations that we
have described is not measurable to the two significant figures that we have been us-
ing to describe g. There turns out to be a slight dependence on location and height.
But for all heights and locations where people normally travel, the magnitude of the
gravitational force of attraction the Earth exerts on another object is the same to two
significant figures.

Direction: The direction of the gravitational force is apparently down. Since the
Earth is approximately spherical, if we look at the Earth’s gravitational force from the
perspective of outer space, its direction changes from place to place. It will be differ-
ent in Australia than in the United States.

Using the Kinematic Equations
Because the constant force of gravity near the surface of the Earth imparts a constant
acceleration to objects on which it acts, the kinematic equations of motion derived in
Chapter 2 (Table 2-1) can be used to describe free fall near the Earth’s surface, but
only as long as there are no other nonconstant forces present. The kinematic equa-
tions that you worked with in the last chapter describe motion along a line with con-
stant acceleration.

Though the value of g does vary slightly with latitude and elevation, you may
safely use a value of 9.8 m/s2 (or 32 ft/s2) in free fall calculations near the Earth’s sur-
face as long as air resistance is considered negligible. For many calculations, 10 m/s2 is
a convenient approximation, since it varies by only 2% from the more precise value.

When we introduced one-dimensional motion in Chapter 2, we noted that when
thinking about the motion of objects, we have freedom to choose our coordinate system.
However, to make communicating about these ideas easier, for now we will continue to
use a vertical y axis that points up as shown in Fig. 3-24. In this coordinate system

(3-9)

where is the y-component of the falling object’s acceleration and the dimension-
less unit vector associated with the y axis.

We can easily construct kinematic equations to describe the relationships be-
tween vertical vector components for a freely falling object close to the Earth’s
surface. We simplify writing the equations in Table 2-1 in Chapter 2 by: (1) replacing
position component x with the symbol y; (2) adding the subscript y to the velocity
component to remind us that it is the component of velocity along the y axis; (3) re-
placing the component of acceleration along the vertical axis that was denoted ax with
ay � �g. Note: We have chosen upward to be positive.

READI NG EXERC IS E  3-11: Suppose that you throw an object upward and can ig-
nore air resistance to the motion of the object. At the highest point in this motion, the object’s
velocity is instantaneously zero as it reverses direction. Does this mean that the object’s accel-
eration is zero at that point? Explain how your answer is consistent with: (a) the definitions of
instantaneous velocity and acceleration that you have learned; (b) the graphs in Fig. 3-22. �

READI NG EXERC IS E  3-12: Rewrite the equations in Table 2-1 so they describe the
motion of an object in vertical free fall. Use a conventional coordinate system with the y axis
pointing up. �

ĵay

F
: grav � �mg ĵ � may  ĵ,
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FIGURE 3-24 � It is customary to desig-
nate a vertical axis as the y axis, reserving
the term x axis for the horizontal direction.
The upward direction is typically given as
positive. The unit vector is labeled rather
than , and it points upward in the
positive y direction.
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3-10 Newton’s Third Law

Newton’s first two laws of motion describe what happens to a single object that has
forces acting on it. We made the claim in Section 3-8 that for every object that experi-
ences a force there is another object causing that force. Further, we claimed that inter-
actions between two objects always seem to go two ways. We begin this section with a
discussion of observations Newton made of the two-way interaction between hanging
magnets. We can then state Newton’s Third Law, which deals with the relationship
between the forces objects exert on each other. We end the section by presenting ex-
perimental evidence for the validity of Newton’s Third Law using measurements of
contact forces.
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A model rocket with a mass of 0.50 kg is fired vertically from the
ground. Assume that it is streamlined enough that air resistance can
be ignored. Suppose it ascends under the influence of a constant net
force of 2.0 N acting in a vertical direction and travels for 6.0 s be-
fore its fuel is exhausted. Then it keeps moving as a particle-like ob-
ject in free fall as it continues upward, turns around, and falls back
down.

(a) How high is the rocket when it runs out of fuel? What is its ve-
locity at that time?

S O L U T I O N � The net force on the rocket is a combination of
the upward thrust of the rocket engine and the downward pull of
the Earth. The Ke y  I d e a here is that we can use Newton’s Sec-
ond Law and our knowledge of the constant net force to find the
rocket’s constant acceleration and then use a kinematic equation to
find out how high it will go in 6.0 seconds with that constant accel-
eration.

Using Eq. 3-5 for Newton’s Second Law we get

Thus the vertical component of acceleration is .
The elapsed time since take-off is given by . Since the
rocket is fired at the ground level, and .
Thus we can put numbers in the primary kinematic equation
(Eq. 2-17) to get the height of the rocket at the time the fuel has
run out,

(Answer)

We need to find the y-component of velocity just as the rocket’s
fuel runs out. This is given by the other primary kinematic equation
(Eq. 2-13) with respect to time to get 

(Answer)

(b) What is the total height that the rocket rises?

S O L U T I O N � The rocket is now at 72 m above the ground,
moving upward with a velocity component of 24 m/s. We need to

know how much higher it will go when the only significant force
acting on it is the gravitational pull of the Earth. Let’s do this by us-
ing only the primary kinematic equations for free fall with 
so that

(Eq. 2-13)

and (Eq. 2-17)

The Ke y  I d e a here is to use Eq. 2-13 to find the time it takes the
rocket to go from its new initial velocity of 24 m/s to its “final” ve-
locity of 0 m/s and then use Eq. 2-17 to find the additional distance
moved in the upward direction. Solving for the
elapsed time gives 

Solving Eq. 2-17 for the additional rise of the rocket using
gives

When added to the previous rise of the rocket under thrust we get 

(Answer)

(c) What is the net force on the rocket when it continues upward as
a free fall particle? As it turns around? When it is traveling back to-
ward the ground?

S O L U T I O N � A Ke y  I d e a here is that the only force on the
rocket in free fall is the gravitational force. A second Ke y  I d e a is
that this force is the same whether the rocket is moving up, turning
around, or falling down. Its magnitude is given by the mass of the
rocket times the gravitational constant g. In vector notation, the
force is

F
:

� ma: � m(�g) ĵ �  (0.50 kg)(�9.8 N/kg) ĵ � (�4.9 N) ĵ.

maximum height � 72 m � 29 m � 101 m.

� (24 m/s)(2.45 s) �  
1
2 9.8(2.45 s)2 � 29.4 m.

(y2 � y1) � v1  y 
�t � 1

2 g(�t)2

�t � 2.45 s

�t �
v2  y � v1  y

� g
�

(0 � 24) m/s
� 9.8 m/s2 � 2.45 s.

�t
v2  y � v1  y � g�t

(y2 � y1) � v1  y(t2 � t1) � 1
2 g(t2 � t1)2.

v2  y � v1 y � g�t

ay � �g

v2  y � v1  y � ay�t � 0.0 m/s � (4.0 m/s2)(6.0 s) � 24 m/s.

 � 0.0 m � 1
2(4.0 m/s2)(6.0 s)2 � 72 m.

(y2 � y1) � v1 y(t2 � t1) � 1
2 ay(t2 � t1)2

v1 y � 0.0 m/sy1 � 0.0 m
t2 � t1 � 6.0 s

ay � �4.0 m/s2

a: �
F
: net

m
�

(2.0 N) ĵ
0.50 kg

� (�4.0 m/s2) ĵ � ay ĵ.

TOUCHSTONE EXAMPLE 3-3: Model Rocket 



Qualitative Considerations
Suppose that you hang two strong magnets side by side from long strings with their
north poles facing each other as shown in Fig. 3-25. Many of us have observed that the
north poles of magnets repel one another. If you were to hold the two north poles
very close to each other and let go of the magnets, they would start to accelerate away
from each other. The fact that both magnets are repelled and begin to accelerate im-
plies that each magnet has a force acting on it. If you were to do this with magnets of
the same mass, you would observe that the magnitudes of the two accelerations are
identical. Observations of the accelerations of the magnets suggest that they are expe-
riencing magnetic forces that have the same magnitude but are oppositely directed.
(Actually, to get good measurements we should either mount our magnets on low-
friction carts or hang them from long strings so the strings don’t exert net horizontal
forces on the magnets.)

This notion of equal and opposite forces is familiar to us in the case of contact
forces. If you push on a wall it pushes back. This doesn’t hurt if you push gently, but if
you punch a wall hard it hurts very much. Newton hypothesized that any time two ob-
jects interact in such a way that a force is exerted on one of them, there is always a
force that is equal in magnitude exerted in the opposite direction on the other object.
This hypothesis is called Newton’s Third Law, and we can state it simply in modern
language.

NEWTON’S THIRD LAW: If one object is exerting a force on a second object, then the sec-
ond object is also exerting a force back on the first object. The two forces have exactly the
same magnitude but act in opposite directions.

The most significant idea contained in Newton’s Third Law is that forces always exist
in pairs. It is very important that we realize we are talking about two different forces
acting on two different objects.

In trying to visualize the application of this concept in the situation involving the
magnets, it is helpful to draw a force vector at the center of each magnet showing the
horizontal force it is experiencing from the other magnet. (Drawing the net force vec-
tor at the center of the object on which it acts is another of our many idealizations.
The rod-shaped magnets are not really point particles, and each part of one magnet
may be exerting forces on each part of the other and vice versa. However, in this situ-
ation, it turns out that assuming the rods are particle-like leads us to the same conclu-
sions that treating them like rods would.) 

Figure 3-26 shows the force diagrams for the two magnets discussed above, as-
suming that there are no other forces acting on them. The force exerted on object A
by object B is denoted and the force exerted on object B by object A is de-
noted . This notation allows us to write an equation that summarizes Newton’s
Third Law as follows:

(Newton’s Third Law in equation form). (3-10)

The order of the letters in the subscripts on the force is very important because they
tell us which object the force is acting on and the origin of the force. The first letter

F
:

B:A � �F
:

A:B

F
:

A:B

F
:

B:A
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Magnet A Magnet BS N N S

FIGURE 3-25 � Two magnets of different masses hang from long strings. They
are pushed together and released. What happens to them as a result of magnetic
repulsion forces?



FIGURE 3-27 � Two people are playing
tug-of-war with electronic force sensors
hooked together.
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denotes the object that exerts the force and the second letter denotes the object that
feels the force. We call the forces shown in Eq. 3-10 between the two interacting mag-
nets a third-law force pair. In situations where Newton’s laws apply, we believe that if
any two bodies are interacting, a third-law force pair is always present.

Experimental Verification for Contact Forces
We have developed Newton’s Third Law in a qualitative fashion by doing a thought
experiment. No measurements were taken to verify the law quantitatively. We have
asserted that it holds whenever two bodies interact with each other. Now, let’s con-
sider whether the Third Law applies to objects that interact via contact (touching)
forces. This time we will make measurements to verify the Third Law in a quantitative
fashion.

Suppose two people hook the ends of two force sensors together as shown in
Fig. 3-27 and have a back-and-forth tug of war. What happens?

If we interface these force sensors to a computer for data collection, the result
would look something like what is shown in Fig. 3-28. This graph verifies that on a
moment-by-moment basis the force (force A) exerted on the person on the left by the
person on the right is equal in magnitude but opposite in direction to the force
(force B) exerted on the person on the right by the person on the left.

We have considered magnetic forces (one form of electromagnetic force) and
contact forces (another form of electromagnetic force). Does Newton’s Third Law
also apply to cases where masses are very different and when gravitational forces are
present? Is it true for high-speed collisions? Is it true when one object is stationary
and the other is not moving at first? For example, is it true for a very heavy truck trav-
eling at high speed that collides head-on with a small car that is at rest? Is it true for a
baseball in free fall interacting with the Earth? The answer to all these questions is
“yes.” We will return to them in Chapter 7, where we discuss the experimental evi-
dence that Newton’s Third Law can help us predict the outcomes of collisions be-
tween objects.

Magnet A Magnet B

Force on magnet B
by magnet A

Force on magnet A
by magnet B

FA    BFB    A

FIGURE 3-26 � We can draw an interac-
tion force vector at the center of each mag-
net (assuming that Newton’s Third Law
describes the interactions between two
magnets and that the magnets are particle-
like in their mutual interaction).
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FIGURE 3-28 � A graph of the measured
force vs. time for two people playing tug-
of-war for 10 seconds. A computer data ac-
quisition system was used to collect and
display the data at a rate of 100 readings
per second. Force A is exerted on the per-
son on the left and force B on the person
on the right.



READI NG EXERC IS E  3-13: Suppose that the magnet on the left in Fig. 3-25 is re-
placed by a steel paper clip that is not magnetized. (a) What can you say about the force that the
initially unmagnetized paper clip exerts on the magnet on the right compared to the force the mag-
net on the right exerts on the paper clip? (b) Do you think Newton’s Third Law holds? Explain. �
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In Fig. 3-29a, a constant horizontal force of magnitude 20 N is
applied to block A of mass , which pushes against
block B of mass . The blocks slide over a frictionless
surface, along an x axis.

(a) What is the acceleration of the blocks?

S O L U T I O N � We shall first examine a solution with a serious
error, then a dead-end solution, and then a successful solution.

Serious Error: Because force is applied directly to block
A, we use Newton’s Second Law to relate that force to the accelera-
tion of block A. Because the motion is along the x axis, we use
that law for x-components , writing it as

However, this is seriously wrong because is not the only hori-
zontal force acting on block A. There is also the force from
block B (as shown in Fig. 3-29b).

Dead-End Solution: Let us now include force by writing,
again for the x axis,

where is positive, but is negative. However, is a
second unknown, so we cannot solve this equation for the desired
acceleration ax.

Successful Solution: The Ke y  I d e a here is that, because of
the direction in which force is applied, the two blocks form a
rigidly connected system. We can relate the net force on the system
to the acceleration of the system with Newton’s Second Law. Here,
once again for the x axis, we can write that law as

where now we properly apply to the system with total mass
. Solving for ax and substituting known values, we find

Thus, the acceleration of the system and of each block is in the posi-
tive direction of the x axis and has the magnitude .

(b) What is the force on block B from block A (Fig. 3-29c)?

S O L U T I O N � The Ke y  I d e a here is that we can relate the net
force on block B to the block’s acceleration with Newton’s Second
Law. Here we can write that law, still for components along the x
axis, as

which, with known values, gives

Thus, force is in the positive direction of the x axis and has a
magnitude of 12 N.

F
:

A:B

FA:B x � (6.0 kg)(2.0 m/s2) � 12 N.

FA:B x � mB ax,

F
:

A:B

2.0 m/s2

ax �
F app

x

mA � mB
�

20 N
4.0 kg � 6.0 kg

� 2.0 m/s2.

mA � mB

F
: app

F app
x � (mA � mB)ax,

F
: app

FB:AxFB:AxF app
x

F app
x � FB:A x � mA ax

F
:

B:A

F
:

B:A

F
: app

F net
x � mA ax.

(F net
x � max)

a:

F
: app

mB � 6.0 kg
mA � 4.0 kg

F
: app

TOUCHSTONE EXAMPLE 3-4: Pushing Two Blocks

(a)

x
A

B

(b)

xA FB     A

(c)

x

B

F app F app FA     B

FIGURE 3-29 � (a) A constant horizontal force is applied to
block A, which pushes against block B. (b) Two horizontal forces
act on block A: applied force and force from block B.
(c) Only one horizontal force acts on block B: force from
block A.

F
:

A:B

F
:

B:AF
: app

F
:

 
app

Two blocks connected by a string are being pulled to the right
across a horizontal frictional surface by another string, as shown in
Fig. 3-30. The strings are horizontal and their masses are negligible
compared to those of the blocks. The tension in the rightmost string
is a constant 35 N. Find the tension in the other string if the mass of
the left block is four times that of the right block.

S O L U T I O N � Note that we do not need to consider the tension
in the rope between the objects when we treat them as a system,

so as in the previous touchstone example, we choose to apply
Newton’s Second Law to the two-block system to find its accelera-
tion. Although we don’t know the masses of the individual blocks,
we do know that . If we set , then
Newton’s Second Law tells us that 

Solving for ax, we learn that

F app
x � (m � 4m)ax.

m right � m(m left/m right) � 4

TOUCHSTONE EXAMPLE 3-5: Pulling Two Blocks
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Figure 3-31 shows a man raising a load of bricks from the ground to
the first floor of a building using a rope hung over a pulley. Suppose
the load of bricks weighs 900 N and the man weighs 1200 N. What is
the maximum upward acceleration that the man can give to the
load of bricks by pulling downward on his side of the rope?

S O L U T I O N � One Ke y  I d e a here is that whatever force the
man exerts downward on the rope, the rope in turn exerts upward
on the man. Thus, if the man is not to accelerate upward, the max-
imum force he can exert downward on the rope is 1200 N. If he
exceeds this, then he will experience a net upward force and accel-
erate upward. Thus the tension in the rope cannot exceed 1200 N.

Another Ke y  I d e a is that the tension in the rope is the same
on each side of the pulley; ideal pulleys, such as this one, change the
direction of the forces that ropes exert on objects but do not affect
the magnitude of those forces. Thus the maximum upward force
that the rope can exert on the load of bricks is 1200 N. Since gravity
exerts a constant 900 N downward on the bricks, this limits the max-
imum vertical force on the bricks to

Newton’s Second Law then tells us that the maximum upward
acceleration of the bricks is

(Answer)

To find the mass of the bricks here, we have used the fact that the
weight of the brick is equal to their mass times the local value of

.g � 9.80 N/kg � 9.80 m/s2

 � 3.26 m/s2.

 � 1
3 g

a max
y �

F net max
y

mbricks
�

300 N
(900 N/g)

 � 300 N.

 � 1200 N � 900 N

 F net max
y � F max

rope:bricks y � F grav
bricks y

TOUCHSTONE EXAMPLE 3-6: Raising Bricks

To find the tension, T, in the string between the two blocks, the
Ke y  I d e a is to shift our attention from the two-block system to
just the left-hand block. Its acceleration is the same as that of the
two-block system, since they are joined by a string of constant
length.

The second Ke y  I d e a is that the magnitude of the net force
acting on the left block is equal to the tension, T, in the string join-
ing the two blocks and that this force is directed to the right; that is,

. Applying Newton’s Second Law to the left block yields

But we’ve already seen that . Combining these two
results tells us that

(Answer)

We now see that T depends only on and on the ratio of the
two masses; we did not need to know the individual masses to solve
the problem.

� F
: app �

 � 28 N.

 � 4
5 (35 N)

 T � 4m ax �
4m F app

x

5m
� 4

5 F
app

x

ax � F app
x /5m

FB  x � T � 4max.

F
:

A � T  î

ax �
F app

x

5m
.

Weight of man = 1200 N

Weight of bricks = 900 N

FIGURE 3-31
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FIGURE 3-30
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3-11 Comments on Classical Mechanics

A word of caution—classical mechanics does not apply to all situations. For instance,
physicists know that if the speeds of the interacting bodies are very large—an appre-
ciable fraction of the speed of light—we must replace Newtonian mechanics with
Einstein’s special theory of relativity. In addition, if the interacting bodies are mole-
cules, atoms, or electrons within atoms, there are situations in which we must replace
classical mechanics with quantum mechanics. Physicists now view Newtonian mechan-
ics as a special case of these two more comprehensive theories. Still, classical mechan-
ics is a very important special case of these other theories because it applies to the
motion of objects ranging in size from that of large molecules to that of astronomical
objects such as galaxies and galactic clusters. The domain of Newton’s laws encom-
passes our everyday world including the translational, rotational and vibrational mo-
tions of cars, ships, airplanes, elevators, steam engines, our bodies, fluids, glaciers, the
atmosphere, and oceans.

In the next chapter, we will introduce elements of vector mathematics that allow
us to extend and apply Newtonian mechanics to more realistic situations involving
motions in two dimensions. In spite of the limitations of Newton’s laws, you will see
throughout our study of basic classical physics that these laws are extraordinarily
powerful in helping us describe, understand, and predict events involving motion in
our everyday world and beyond.

SEC. 3-6 � NEWTON’S SECOND LAW FOR A SINGLE FORCE

1. Stopping a Neutron When a nucleus captures a stray neutron, it
must bring the neutron to a stop within the diameter of the nucleus
by means of the strong force. That force, which “glues” the nucleus
together, is approximately zero outside the nucleus. Suppose that a
stray neutron with an initial speed of 1.4 � 107 m/s is just barely
captured by a nucleus with diameter d � 1.0 � 10�14 m. Assuming
that the strong force on the neutron is constant, find the magnitude
of that force. The neutron’s mass is 1.67 � 10�27 kg.

2. Riding the Elevator A 50 kg passenger rides in an elevator that
starts from rest on the ground floor of a building at t � 0 and rises
to the top floor during a 10 s interval. The acceleration of the eleva-
tor as a function of the time is shown in Fig. 3-32, where positive
values of the acceleration mean that it is directed upward. Give the
magnitude and direction of the following forces: (a) the maximum
force on the passenger from the floor, (b) the minimum force on
the passenger from the floor, and (c) the maximum force on the
floor from the passenger.

FIGURE 3-32 � Problem 2.

3. Sunjamming A “sun yacht” is a spacecraft with a large sail that is
pushed by sunlight. Although such a push is tiny in everyday circum-
stances, it can be large enough to send the spacecraft outward from
the Sun on a cost-free but slow trip. Suppose that the spacecraft has a
mass of 900 kg and receives a push of 20 N. (a) What is the magni-
tude of the resulting acceleration? If the craft starts from rest, (b)
how far will it travel in 1 day and (c) how fast will it then be moving?

4. Stopping a Salmon The tension at which a fishing line snaps is
commonly called the line’s “strength.” What minimum strength is
needed for a line that is to stop a salmon of weight 85 N in 11 cm if
the fish is initially drifting at 2.8 m/s? Assume a constant acceleration.

5. Rocket Sled An experimental rocket sled can be accelerated at
a constant rate from rest to 1600 km/h in 1.8 s. What is the magni-
tude of the required net force if the sled has a mass of 500 kg?

6. Stopping a Car A car with a mass of 1300 kg is initially moving
at a speed of 40 km/h when the brakes are applied and the car is
brought to a stop  in 15 m. Assuming that the force that stops the
car is constant, find (a) the magnitude of that force and (b) the time
required for the change in speed. If the initial speed is doubled and
the car experiences the same force during the braking, by what fac-
tors are (c) the stopping distance and (d) the stopping time multi-
plied? (There could be a lesson here about the danger of driving at
high speeds.)

7. Rocket and Payload A rocket and its payload have a total mass
of 5.0 � 104 kg. How large is the force produced by the engine (the
thrust) when (a) the rocket is “hovering” over the launchpad just
after ignition, and (b) the rocket is accelerating upward at 20 m/s2?

8. Car Wreck A car traveling at 53 km/h hits a bridge abutment. A
passenger in the car moves forward a distance of 65 cm (with re-
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spect to the road) while being brought to rest by an inflated air bag.
What magnitude of force (assumed constant) acts on the passen-
ger’s upper torso, which has a mass of 41 kg?

9. The Fall An 80 kg man drops to a concrete patio from a window
only 0.50 m above the patio. He neglects to bend his knees on land-
ing, taking 2.0 cm to stop. (a) What is his average acceleration from
when his feet first touch the patio to when he stops? (b) What is the
magnitude of the average stopping force?

10. Starship An interstellar ship has a mass of 1.20 � 106 kg and is
initially at rest relative to a star system. (a) What constant accelera-
tion is needed to bring the ship up to a speed of 0.10c (where c is
the speed of light, 3.0 � 108 m/s) relative to the star system in
3.0 days? (b) What is that acceleration in g units? (c) What force is
required for the acceleration? (d) If the engines are shut down
when 0.10c is reached (the speed then remains constant), how long
does the ship take (start to finish) to journey 5.0 light-months, the
distance that light travels in 5.0 months?

11. Force vs. Time Figure
3-33 gives, as a function of
time t, the force component
Fx that acts on a 3.00 kg ice
block, which can move only
along the x axis. At t � 0,
the block is moving in the
positive direction of the
axis, with a speed of 3.0 m/s.
What are its (a) speed and
(b) direction of travel at t
� 11 s?

12. Variable Force A 2.0 kg particle moves along an x axis, being
propelled by a variable force directed along that axis. Its position is
given by

x � 3.0 m � (4.0 m/s)t � ct2 � (2.0 m/s3)t3,

with x in meters and t in seconds. The factor c is a constant. At t �
3.0 s, the force on the particle has a magnitude of 36 N and is in the
negative direction of the axis. What is c? (Include units.)

SEC. 3-8 � ALL FORCES RESULT FROM INTERACTION

13. Two People Pull Two people pull with 90 N and 92 N in oppo-
site directions on a 25 kg sled on frictionless ice. What is the sled’s
acceleration magnitude?

14. Take Off A Navy jet
(Fig. 3-34) with a mass of
2.3 � 104 kg requires an
airspeed of 85 m/s for
liftoff. The engine develops
a maximum force of 1.07 �
105 N, but that is insuffi-
cient for reaching takeoff
speed in the 90 m runway
available on an aircraft car-
rier. What minimum force
(assumed constant) is needed from the catapult that is used to help
launch the jet? Assume that the catapult and the jet’s engine each
exert a constant force over the 90 m distance used for takeoff.

15. Loaded Elevator An elevator and its road have a combined
mass of 1600 kg. Find the tension in the supporting cable when the
elevator, originally moving downward at 12 m/s, is brought to rest
with constant acceleration in a distance of 42 m.

16. Four Penguins Figure 3-35 shows four penguins that are being
playfully pulled along very slippery (frictionless) ice by a curator.
The masses of three penguins and the tension in two of the cords
are given. Find the penguin mass that is not given.

FIGURE 3-35 � Problem 16.

17. Elevator An elevator with a mass of 2840 kg is given an up-
ward acceleration of 1.22 m/s2 by a cable. (a) Calculate the tension
in the cable. (b) What is the tension when the elevator is slowing at
the rate of 1.22 m/s2 but is still moving upward?

18. Three Blocks In Fig. 3-36 three blocks are connected and pulled
to the right on a horizontal frictionless table by a force with a mag-
nitude of T3 � 65.0 N. If mA � 12.0 kg, mB � 24.0 kg, and mC � 31.0
kg, calculate (a) the acceleration of the system and the magnitudes
of the tensions (b) T1 and (c) T2 in the interconnecting cords.

FIGURE 3-36 � Problem 18.

19. Hot-Air Balloon A hot-air balloon or mass M is descending
vertically with downward acceleration of magnitude a. How much
mass (ballast) must be thrown out to give the balloon an upward
acceleration of magnitude a (same magnitude but opposite direc-
tion)? Assume that the upward force from the air (the lift) does not
change because of the decrease in mass.

20. Lamp in Elevator A lamp hangs vertically from a cord in a
descending elevator that slows down at 2.4 m/s2. (a) If the tension in
the cord is 89 N, what is the lamp’s mass? (b) What is the cord’s tension
when the elevator ascends with an upward acceleration of 2.4 m/s2?

21. Two Forces, Two Blocks In Fig. 3-37 forces act on blocks A and
B, which are connected by string. Force � (12 N)î acts on block
A, with mass 4.0 kg. Force � (24 N)î acts on block B, with mass
6.0 kg. What is the tension in the string?

FIGURE 3-37 � Problem 21.

22. Coin Drop An elevator cab is pulled directly upward by a sin-
gle cable. The elevator cab and its single occupant have a mass of
2000 kg. When that occupant drops a coin, its acceleration relative
to the cab is 8.00 m/s2 downward. What is the tension in the cable?

23. Links In Fig. 3-38, a chain consisting of five links, each of mass
0.100 kg, is lifted vertically with a constant acceleration of 2.50 m/s2.
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Find the magnitudes of (a) the force
on link 1 from link 2, (b) the force
on link 2 from link 3, (c) the force
on link 3 from link 4, and (d) the
force on link 4 from link 5. Then
find the magnitudes of (e) the force
F
:

on the top link from the person
lifting the chain and (f) the net force
accelerating each link.

SEC. 3-9 � GRAVITATIONAL

FORCES AND FREEFALL

MOTION

24. Raindrops Raindrops fall 1700 m from a cloud to the ground.
(a) If they were not slowed by air resistance, how fast would the
drops be moving when they struck the ground? (b) Would it be safe
to walk outside during a rainstorm?

25. Falling Rock A rock is dropped from a 100-m-high cliff. How
long does it take to fall (a) the first 50 m and (b) the second 50 m?

26. Long Drop The Zero Gravity Research Facility at the NASA
Lewis Research Center includes a 145 m drop tower. This is an
evacuated vertical tower through which, among other possibilities, a
1 m diameter sphere containing an experimental package can be
dropped. (a) How long is the sphere in free fall? (b) What is its
speed just as it reaches a catching device at the bottom of the
tower? (c) When caught, the sphere experiences an average acceler-
ation of 25g as its speed is reduced to zero. Through what distance
does it travel while stopping?

27. Leaping Armadillo A startled armadillo leaps upward, rising
0.544 m in the first 0.200 s. (a) What is its initial speed as it leaves
the ground? (b) What is its speed at the height of 0.544 m? (c) How
much higher does it go?

28. Ball Thrown Downward A ball is thrown down vertically with
an initial speed of v1 from a height of h. (a) What is its speed just
before it strikes the ground? (b) How long does the ball take to
reach the ground? What would be the answers to (c) part a and (d)
part b if the ball were thrown upward from the same height and
with the same initial speed? Before solving any equations, decide
whether the answers to (c) and (d) should be greater than, less
than, or the same as in (a) and (b).

29. Boat and Key A key falls from a bridge that is 45 m above the
water. It falls directly into a model boat, moving with constant ve-
locity, that is 12 m from the point of impact when the key is re-
leased. What is the speed of the boat?

30. Downward-Speeding Ball A ball is thrown vertically down-
ward from the top of a 36.6-m-tall building. The ball passes the top
of a window that is 12.2 m above the ground 2.00 s after being
thrown. What is the speed of the ball as it passes the top of the
window?

31. Drips Water drips from the nozzle of a shower onto the floor
200 cm below. The drops fall at regular (equal) intervals of time, the
first drop striking the floor at the instant the fourth drop begins to
fall. Find the locations of the second and third drops when the first
strikes the floor.

32. Hang Time A basketball player, standing near the basket to
grab a rebound, jumps 76.0 cm vertically. How much (total) time
does the player spend (a) in the top 15.0 cm of this jump and (b) in

the bottom 15.0 cm? Does this help explain why such players seem
to hang in the air at the tops of their jumps?

33. Air Express A hot-air balloon is ascending at the rate of 12 m/s
and is 80 m above the ground when a package is dropped over the
side.

(a) How long does the package take to reach the ground?
(b) With what speed does it hit the ground?

34. Other-Worldly Pitch A ball is shot vertically upward from the
surface of a planet in a distant solar system. A plot of y versus t for
the ball is shown in Fig. 3-39, where y is the height of the ball above
its starting point and t � 0 at the instant the ball is shot. What are
the magnitudes of (a) the free-fall acceleration on the planet and
(b) the initial velocity of the ball?

FIGURE 3-39 � Problem 34.

35. Reaction Time Figure 3-40 shows a simple device for measur-
ing your reaction time. It consists of a cardboard strip marked with
a scale and two large dots. A friend holds the strip vertically, with
thumb and forefinger at the dot on the right in Fig. 3-40. You then
position your thumb and forefinger at the other dot (on the left in
Fig. 3-40), being careful not to touch the strip. Your friend releases
the strip, and you try to pinch it as soon as possible after you see it
begin to fall. The mark at the place where you pinch the strip gives
your reaction time. (a) How far from the lower dot should you
place the 50.0 ms mark? (b) How much higher should the marks for
100, 150, 200, and 250 ms be? (For example, should the 100 ms
marker be two times as far from the dot as the 50 ms marker? Can
you find any pattern in the answers?)

FIGURE 3-40 � Problem 35.

36. Juggling A certain juggler usually tosses balls vertically to a
height H. To what height must they be tossed if they are to spend
twice as much time in the air?

37. Dropping a Wrench At a construction site a pipe wrench
struck the ground with a speed of 24 m/s. (a) From what height was
it inadvertently dropped? (b) How long was it falling? (c) Sketch
graphs of y, vy, and ay vs. t for the wrench.

38. Two Stones A stone is dropped into a river from a bridge
43.9 m above the water. Another stone is thrown vertically down
1.00 s after the first is dropped. Both stones strike the water at
the same time. (a) What is the initial speed of the second stone?
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(b) Plot velocity vs. time on a graph for each stone, taking zero time
as the instant the first stone is released.

39. Callisto Imagine a landing craft approaching the surface of
Callisto, one of Jupiter’s moons. If the engine provides an upward
force (thrust) of 3260 N, the craft descends at constant speed; if the
engine provides only 2200 N, the craft accelerates downward at 0.39
m/s2. (a) What is the weight of the landing craft in the vicinity of
Callisto’s surface? (b) What is the mass of the craft? (c) What is the
magnitude of the free-fall acceleration near the surface of Callisto?

40. Rising Stone A stone is thrown vertically upward. On its way
up it passes point A with speed v, and point B, 3.00 m higher than
A, with speed v. Calculate (a) the speed v and (b) the maximum
height reached by the stone above point B.

41. Parachuting A parachutist bails out and freely falls 50 m. Then
the parachute opens, and thereafter she slows at 2.0 m/s2. She
reaches the ground with a speed of 3.0 m/s. (a) How long is the
parachutist in the air? (b) At what height does the fall begin?

42. Space Ranger’s Weight Compute the weight of a 75 kg space
ranger (a) on Earth, (b) on Mars, where g � 3.8 m/s2, and (c) in in-
terplanetary space, where g � 0. (d) What is the ranger’s mass at
each of these locations?

43. Different g’s A certain particle has a weight of 22 N at a point
where g � 9.8 m/s2. What are its (a) weight and (b) mass at a point
where g � 4.9 m/s2? What are its (c) weight and (d) mass if it is
moved to a point in space where g � 0?

SEC. 3-10 � NEWTON’S THIRD LAW

44. A Child Stands Then Jumps A 29.0 kg child, with a 4.50 kg back-
pack on his back, first stands on a sidewalk and then jumps up into
the air. Find the magnitude and direction of the force on the sidewalk
from the child when the child is (a) standing still and (b) in the air.
Now find the magnitude and direction of the net force on Earth due
to the child when the child is (c) standing still and (d) in the air.

45. Sliding Down a Pole A firefighter with a weight of 712 N slides
down a vertical pole with an acceleration of 3.00 m/s2, directed
downward. What are the magnitudes and directions of the vertical
forces (a) on the firefighter from the pole and (b) on the pole from
the firefighter?

46. Block A, Block B In Fig. 3-41a, a constant horizontal force is
applied to block A, which pushes against block B with a 20.0 N force
horizontally to the right. In Fig. 3-41b, the same force is applied to
block B; now block A pushes on block B with a 10.0 N force hori-
zontally to the left. The blocks have a total mass of 12.0 kg. What are
the magnitudes of (a) their acceleration in Fig. 3-41a and (b) force ?

FIGURE 3-41 � Problem 46.

47. Two Blocks Two blocks are in contact on a frictionless table. A
horizontal force is applied to the larger block, as shown in Fig. 3-42.
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(a) If mA � 2.3 kg, mB � 1.2 kg, and F � 3.2
N, find the magnitude of the force between
the two blocks. (b) Show that if a force of
the same magnitude F is applied to the
smaller block but in the opposite direction,
the magnitude of the force between the
blocks is 2.1 N, which is not the same value
calculated in (a). (c) Explain the difference.

48. Parachuting Two An 80 kg person is parachuting and experi-
encing a downward acceleration of 2.5 m/s2. The mass of the para-
chute is 5.0 kg. (a) What is the upward force on the open parachute
from the air? (b) What is the downward force on the parachute
from the person?

49. Getting Down An 85 kg man lowers himself to the ground
from a height of 10.0 m by holding onto a rope that runs over a fric-
tionless pulley to a 65 kg sandbag. With what speed does the man
hit the ground if he started from rest?

50. Climbing a Rope A 10 kg
monkey climbs up a massless rope
that runs over  a frictionless tree
limb and back down to a 15 kg
package on the ground (Fig. 3-43).
(a) What is the magnitude of the
least acceleration the monkey must
have if it is to lift the package off
the ground? If, after the package
has been lifted, the monkey stops
its climb and holds onto the rope,
what are (b) the magnitude and (c)
the direction of the monkey’s accel-
eration, and (d) what is the tension
in the rope?

51. Bosun’s Chair Figure 3-44
shows a man sitting in a bosun’s
chair that dangles from a massless
rope, which runs over a massless,
frictionless pulley and back down to
the man’s hand. The combined mass
of man and chair is 95.0 kg. With
what force magnitude must the man
pull on the rope if he is to rise (a)
with a constant velocity and (b)
with an upward acceleration of 1.30
m/s2? (Hint: A free-body diagram
can really help.)

52. Girl and Sled A 40 kg girl and
an 8.4 kg sled are on the frictionless
ice of a frozen lake, 15 m apart but
connected by a rope of negligible
mass. The girl exerts a horizontal 5.2
N force on the rope. (a) What is the
acceleration of the sled? (b) What is
the acceleration of the girl? (c) How
far from the girl’s initial position do
they meet?
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53. Why Bother with N1? Newton’s First Law states that an object
will move with a constant velocity if nothing acts on it. This seems to
contradict our everyday experience that a moving object comes to a
rest unless something acts on it to keep it going. Does this everyday
experience contradict Newton’s First Law? If it does not, explain
how this experience is consistent with Newton’s First Law. If it does,
explain why we bother to teach Newton’s First Law anyway.

54. When Does N3 Hold? Newton’s Third Law says that objects
that touch each other exert forces on each other. These forces sat-
isfy the rule:

If object A exerts a force on object B, then object B exerts a force
back on object A and the two forces are equal in magnitude but op-
posite in direction.

Consider the following three situations concerning two identical
cars and a much heavier truck.

(a) One car is parked and the other car crashes into it.
(b) One car is parked and the truck crashes into it.
(c) The truck is pushing the car, because the car’s engine cannot
start. The two are touching and the truck is speeding up.

For each situation, do you think Newton’s Third Law holds or does
not hold? Explain your reasons for saying so.

55. Why Bother with N2? Newton’s Second Law written in equa-
tion form states 

Your roommate says “That’s silly. Everyone knows it takes a force to
keep something moving at a constant velocity, even when there’s no
acceleration.” Do you agree with your roommate? If so, explain why
physics classes bother to teach the law. If you disagree, how would
you try to convince your roommate of the error of his/her ways?

56. Weight vs. Force A Frenchman, filling out a form, writes
“78 kg” in the space marked poids (weight). However weight is a
force and kg is a mass unit. What do the French (among others)
have in mind when they use mass to report their weight? Why don’t
they report their weight in newtons? How many newtons does this
Frenchman weigh? How many pounds?

57. Amy Is Pulled A student named Amy is being pulled across a
smooth floor with a big rubber band that is stretched to a constant
length. In one case she is riding on a low-friction cart and in the
other case she is sliding along the floor. A motion detector is set
up to track her motion in each case. The position– time graphs of
her motion are shown in Fig. 3 -45.

a: �
F
: net

m
.

(a) Which graph depicts motion at a constant velocity? Pull Project 1
(on the right) or Pull Project 2 (on the left)? Explain.
(b) Which graph depicts motion at a roughly constant accelera-
tion? Explain.
(c) Which graph demonstrates that something pulled with a con-
stant force moves with a constant velocity? Explain.
(d) Which graph demonstrates that something pulled with a con-
stant force moves with a constant acceleration? Explain.
(e) Which graph is most likely to show Amy’s motion when she is
rolling on the cart? Please justify your answer.
(f) Explain why it is possible to get two different types of motion
even though Amy is being pulled with a constant force in both
cases?

58. Inertial vs. Gravitational Mass Suppose you have the following
equipment available: an electronic balance, a motion detector and
an electronic force sensor attached to a computer-based laboratory
system. You would like to determine the mass of a block of ice that
can slide smoothly along a very level table top without noticeable
friction.

(a) Describe how you would use some of the equipment to find the
gravitational mass of the ice.
(b) Describe how you would use some of the equipment to find the
inertial mass of the ice.
(c) Which of the two types of masses can be measured in outer
space where gravitational forces are very small?

59. Free Fall Acceleration Your roommate peeks over your shoul-
der while you are reading a physics text and notices the following
sentence: “In free fall the acceleration is always g and always
straight downward regardless of the motion.” Your roommate finds
this peculiar and raises three objections:

(a) If I drop a balloon or a feather, it doesn’t fall nearly as fast as a
brick.
(b) Not everything falls straight down; if I throw a ball it can go
sideways.
(c) If I hold a wooden ball in one hand and a steel ball in the other,
I can tell that the steel ball is being pulled down much more
strongly than the wooden one. It will probably fall faster.

How would you respond to these statements? Discuss the extent to
which they invalidate the quoted statement. If they don’t invalidate
the statement, explain why.

60. Velocity and Force Graphs In the following situations friction
is small and can be ignored. Consider whether the net or combined
force on a small cart needs to be positive, negative, or zero to create
the following motions. Sketch graphs that show the shapes of the
velocity and force functions in each case. Use the format shown in
Fig. 3 -46. By convention, an object moving away from the origin
has a positive velocity. (Draw a separate set of velocity vs. time and
force vs. time graph for each of part (a) through (d).)

(a) The cart is moving away from the origin at a constant velocity.
(b) The cart moves toward the origin, speeding up at a steady rate
until it reaches a constant velocity after 3 s.
(c) The cart moves toward the origin, slowing down at a steady
rate, turns around after 2 s, and then moves away from the origin,
speeding up at the same steady rate.
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(d) The cart moves away from the origin, slows down for 3 s, and
then speeds up for 3 seconds.

61. Toy Cars (a) Suppose a toy
car moves along a horizontal
line without friction and a con-
stant force is applied to the car
toward the left.

Sketch a set of axes like those shown in Fig. 3 -48, and sketch the
shape of the acceleration– time graph of the car using a solid line

(b) What if two more identical cars are piled/glued on top of the
first car and the same constant force is applied to the three cars?
Use a dashed line to sketch the acceleration– time graph of the
“triple-car.” Explain any differences between this graph and the ac-
celeration– time graph of the single car.

62. Rocket Thrust and Acceleration A wise being has placed a
standard physics coordinate system in outer space far away from
any massive bodies. A specially designed space cylinder that experi-
ences no gravitational or frictional forces is moving along the x axis
of this coordinate system. It has two identical rocket engines on
each end. These engines can apply thrust forces that act in opposite
directions but have equal magnitudes as shown in Fig. 3-49. Dia-
gram A has engines on both ends on, diagram B has all engines off,
diagram C has only the left engines on, and diagram D has only the
right engines on.

FIGURE 3-49 � Problem 62.

Choose all the force combinations (A through D) which could keep
the rocket moving as described in each statement below. You may
use a choice more than once or not at all. If you think that none is
correct, answer choice E.

(a) Which force combinations could keep the rocket moving toward
the right and speeding up at a steady rate (constant acceleration)?
(b) Which force combinations could keep the rocket moving
toward the right at a steady (constant) velocity?
(c) The rocket is moving toward the right. Which force combina-
tions could slow it down at a steady rate (constant acceleration)?
(d) Which force combinations could keep the rocket moving toward
the left and speeding up at a steady rate (constant acceleration)?
(e) The rocket was started from rest and pushed until it reached a
steady (constant) velocity toward the right. Which force combina-
tions could keep the rocket moving at this velocity?
(f) The rocket is slowing down at a steady rate and has an accelera-
tion to the right. Which force combinations could account for this
motion?
(g) The rocket is moving toward the left. Which force combinations
could slow it down at a steady rate (constant acceleration)?

63. Two Carts Two low-friction carts A and B have masses of
2.5 kg and 5.0 kg, respectively. Initially a student is pushing them
with an applied force of B � �20.0 N, which is exerted on cart B
as shown in Fig. 3 -50a.

FIGURE 3-50 � Problem 63.

(a) Find the magnitude and direction of the interaction forces be-
tween the two carts B:A and A:B where B:A represents
the force on cart A due to cart B and A:B represents the force on
cart B due to cart A.
(b) If the student pushes on cart A with an applied force of �
�20.0 N instead, as shown in part (b) of Fig. 3 -50, determine the
magnitude and direction of the interaction forces between the two
carts B:A and A:B for this situation.
(c) Explain why the interaction forces are different in the two cases.
Hint: If you consider the two carts together as a system with mass
7.5 kg, what is the acceleration of each of carts A and B? What does
the net force on cart A have to be to result in this acceleration?

64. Spring Scale One The spring
scale in Fig. 3 -51 reads 10.5 N.
The cart moves toward the right
with an acceleration of 3.5 m/s2.

(a) Suppose a second spring scale is
combined with the first and acts in
the same direction as shown in Fig.
3 -52. The spring scale still reads
10.5 N.
The cart now moves toward the
right with an acceleration of
4.50 m/s2. What is the net force on
the cart? What does spring scale 
read? Show your calculations and
explain.
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(b) Suppose a second spring scale is combined with the first and
acts in the opposite direction as shown in Fig. 3 -53. The spring scale

still reads 10.5 N.

FIGURE 3-53 � Problem 64.

The cart now moves toward the right with an acceleration of
2.50 m/s2. What is the net force on the cart? What does spring scale

read? Show your calculations and explain.
(c) Which of Newton’s first two laws apply to the situations in this
problem?

65. Spring Scale Two Two forces are applied to a cart with two differ-
ent spring scales as shown in Fig. 3-54. The spring scale reads 15 N.

FIGURE 3-54 � Problem 65.

(a) The cart had an initial velocity of 0.00 m/s when the two forces
were applied. It remains at rest after the combined forces are ap-
plied. What is the net force on the cart? What does spring scale 
read? Show your calculations and explain.
(b) The cart had an initial velocity of �0.75 m/s and so it was mov-
ing to the right when the two forces were applied. It continues mov-
ing to the right at that same velocity after the combined forces are
applied. What is the net force on the cart? What does spring scale

read? Show your calculations and explain.
(c) The cart had an initial velocity of �0.39 m/s and so it was mov-
ing to the left when the two forces were applied. It continues
moving to the left at that same velocity after the combined forces
are applied. What is the net force on the cart? What does spring
scale read? Show your calculations and explain.

66. Fire Ladder A physics student is standing on one of the steps
of the fire ladder behind a building on campus doing a physics ex-
periment. From there she drops a stone (without giving it any initial
velocity) and notes that it takes approximately 2.45 s to hit the
ground. The second time she throws the stone vertically upward
and notes that it takes approximately 5.16 s for it to hit the ground.

(a) Calculate the height above the parking lot from which she re-
leases the first stone.
(b) Calculate the initial velocity with which she has thrown the sec-
ond stone upward.
(c) How high above the parking lot did the second stone rise be-
fore it started falling again?

Star Trek Problem Problems 67 and 68 both involve the following:
“You are at the helm of the starship Defiant (NCC-1764), currently
in orbit around the planet Iconia, near the Neutral Zone. Your mis-
sion: to rendezvous with a supply vessel at the other end of this so-
lar system . . . You direct the impulse drive to be set at full power
for leisurely half-light-speed travel . . . which should bring you to
your destination in a few hours.”* Assume that the diameter of the
Iconian solar system is 100 Astronomical Units (an AU is the mean
radius of the Earth’s orbit about the Sun: 1AU � 1.49 � 1011 m).
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67. (A) Can You Stand the G-Forces? In order to minimize the g-
forces on you, suppose you decide to accelerate with a constant ac-
celeration such that you reach half the speed of light (c/2 � 1.5 �
108 m/s) at the midpoint of your trip and then start slowing down so
you are at rest just in time to dock with the supply vessel at the
other end of this solar system.

(a) Draw a single motion diagram showing the speeding-up and
slowing-down processes.
(b) In a coordinate system in which you move along the positive x
axis, what is the direction and magnitude of your initial accelera-
tion? In other word, is your acceleration positive or negative?
(c) In a coordinate system in which you move along the positive x
axis, what is the direction and magnitude of your acceleration while
you are slowing down for your rendezvous with the supply vessel?
In other words, is your acceleration positive or negative? (Hint: The
answer to part (b) and a symmetry argument can save you some 
effort.)
(d) How long will your overall trip take?
(e) If the Defiant has a mass of M � 2.850 � 108 kg, what is the
thrust force (in Newtons) needed to accelerate your starship?
(f) The amount of force you feel being impressed on you by the
back of your seat as the starship picks up speed is proportional to
your acceleration. A common way to measure typical forces you
might feel is to calculate g-forces. This is done by comparing the ac-
celeration you experience to the acceleration you would experience
while falling freely close to the surface of the Earth. Thus, you can
find g-forces by dividing your acceleration by 9.8 m/s2. What
g-forces would you experience while accelerating in the Defiant?
(g) The maximum sustained g-force that a human can stand is
about 3 g. What would happen to you during your leisurely acceler-
ation to half the speed of light?

68. (B) How Long Would a Trip Take If the Forces Were Bearable?
Let’s take the trip at a more reasonable acceleration of 3 g.

(a) What would your acceleration be in m/s2?
(b) How long would it take you, starting from rest, to get halfway
(i.e., d � 50 AU) across the Iconian solar system at this 3 g acceler-
ation?
(c) What would your maximum speed be (i.e., the speed when you
pass the d � 50 AU mark)?
(d) How long would it take you to slow down at a 3 g acceleration
for docking with the supply vessel? What is the total trip time? Is
this feasible?

69. The Demon Drop The Demon Drop is a popular ride at the
Cedar Point Amusement Park in Ohio. It allows four people to
get into a little cage and fall freely for a while. Physics professor
Bob Speers of Firelands College in Huron, Ohio, took a video
tape of the drop. It is called DSON001. Use VideoPoint and Ex-
cel to analyze and develop a mathematical model that describes
the fall.

(a) Include a printout of your spreadsheet model along with the
answers to questions (b) through (e).
(b) According to your model, what is the equation you think de-
scribes the vertical position of the bottom of the cage as a function
of time?
(c) According to your model, what is the acceleration of the cage?
(d) Can you find values of initial position and velocity that allow
you to obtain a good agreement between your model graph and the
graph of the data using the accepted value of the free fall accelera-
tion close to the surface of the Earth of � �g � �9.8 m/s2?a:

F1F2

?

F1 = (+15 N) iF2

?

ˆ

*Krauss, Lawrence, The Physics of Star Trek (New York: Harper Perennial,
1996), p. 3.
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(e) Suppose a group of four people with an average mass of 65 kg
each are put in the Demon Drop cage of mass 2.0 � 103 lb. What is
the force on the whole falling system consisting of the cage and the
people? Be sure to indicate the direction of the force.

70. Force, Acceleration, and Velocity Graphs (a) A force is applied
to an object that experiences very little friction. This force causes the
object to move resulting in the acceleration vs. time graph shown in
Fig. 3 -55. Draw a set of graph axes with the same number of time
units as that shown in the acceleration graph and carefully sketch
the shape of a possible graph of the force vs. time for the object.

FIGURE 3-55 � Problem 70.

(b) A force is applied to an object that experiences very little fric-
tion. This force causes the object to move resulting in the velocity
vs. time graph shown in Fig. 3 -56. Draw a set of axes with the same
number of time units as that shown in the velocity graph and care-
fully sketch the shape of a possible graph of acceleration vs. time
for the object.
(c) Refer to the velocity vs. time graph shown in part (b) and the
acceleration vs. time graph you sketched. Draw a set of graph axes
with the same number of time units as that shown in the velocity
graph and carefully sketch the shape of a possible graph of force vs.
time for the object.

FIGURE 3-56 � Problem 70.

FIGURE 3-57 � Problems 71 and 72.

71. Force from Velocity One Figure 3 -57 shows the velocity vs.
time graph for an object constrained to move along a line. The posi-
tive direction is to the right.

(a) At what times, or during what time periods, is the net force act-
ing on the object zero?
(b) At what times, or during what time periods, is the net force act-
ing on the object constant and nonzero.
(c) At what times, or during what time periods, is the net force act-
ing on the object changing?

In each case, explain your reasoning. Describe how your reasoning
is consistent or inconsistent with Newton’s Laws of Motion. If there
is no time or time period for which a given condition exists, state
that explicitly.

72. Force from Velocity Two Figure 3 -57 shows the velocity vs.
time graph for an object constrained to move along a line. The posi-
tive direction is to the right.

(a) At what times, or during what time periods, is the net force on
the object increasing and directed to the right?
(b) At what times, or during what time periods, is the net force on
the object decreasing and directed to the right?
(c) At what times, or during what time periods, is the net force on
the object constant and directed to the right?
(d) At what times, or during what time periods, is the net force on
the object increasing and directed to the left?
(e) At what times, or during what time periods, is the net force on
the object decreasing and directed to the left?
(f) At what times, or during what time periods, is the net force on
the object constant and directed to the left?

In each case, explain your reasoning. Describe how your reasoning
is consistent or inconsistent with Newton’s Laws of Motion. If there
is no time or time period for which a given condition exists, state
that explicitly.
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