
Step 4. As always, check the solution to see whether it is reasonable. In some cases, this is obvious. For example, it is reasonable
to find that friction causes an object to slide down an incline more slowly than when no friction exists. In practice, intuition
develops gradually through problem solving, and with experience it becomes progressively easier to judge whether an answer is
reasonable. Another way to check your solution is to check the units. If you are solving for force and end up with units of m/s,
then you have made a mistake.

4.7 Further Applications of Newton’s Laws of Motion
There are many interesting applications of Newton’s laws of motion, a few more of which are presented in this section. These
serve also to illustrate some further subtleties of physics and to help build problem-solving skills.

EXAMPLE 4.7

Drag Force on a Barge
Suppose two tugboats push on a barge at different angles, as shown in Figure 4.22. The first tugboat exerts a force of

in the x-direction, and the second tugboat exerts a force of in the y-direction.

Figure 4.22 (a) A view from above of two tugboats pushing on a barge. (b) The free-body diagram for the ship contains only forces acting in

the plane of the water. It omits the two vertical forces—the weight of the barge and the buoyant force of the water supporting it cancel and

are not shown. Since the applied forces are perpendicular, the x- and y-axes are in the same direction as and . The problem quickly

becomes a one-dimensional problem along the direction of , since friction is in the direction opposite to .

If the mass of the barge is and its acceleration is observed to be in the direction shown, what is
the drag force of the water on the barge resisting the motion? (Note: drag force is a frictional force exerted by fluids, such as air
or water. The drag force opposes the motion of the object.)

Applying Newton’s Second Law
Before you write net force equations, it is critical to determine whether the system is accelerating in a particular direction.
If the acceleration is zero in a particular direction, then the net force is zero in that direction. Similarly, if the acceleration is
nonzero in a particular direction, then the net force is described by the equation: .

For example, if the system is accelerating in the horizontal direction, but it is not accelerating in the vertical direction, then
you will have the following conclusions:

You will need this information in order to determine unknown forces acting in a system.
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Strategy

The directions and magnitudes of acceleration and the applied forces are given in Figure 4.22(a). We will define the total force of
the tugboats on the barge as so that:

Since the barge is flat bottomed, the drag of the water will be in the direction opposite to , as shown in the free-body
diagram in Figure 4.22(b). The system of interest here is the barge, since the forces on it are given as well as its acceleration. Our
strategy is to find the magnitude and direction of the net applied force , and then apply Newton’s second law to solve for the
drag force .

Solution

Since and are perpendicular, the magnitude and direction of are easily found. First, the resultant magnitude is
given by the Pythagorean theorem:

The angle is given by

which we know, because of Newton’s first law, is the same direction as the acceleration. is in the opposite direction of ,
since it acts to slow down the acceleration. Therefore, the net external force is in the same direction as , but its magnitude is
slightly less than . The problem is now one-dimensional. From Figure 4.22(b), we can see that

But Newton’s second law states that

Thus,

This can be solved for the magnitude of the drag force of the water in terms of known quantities:

Substituting known values gives

The direction of has already been determined to be in the direction opposite to , or at an angle of south of west.

Discussion

The numbers used in this example are reasonable for a moderately large barge. It is certainly difficult to obtain larger
accelerations with tugboats, and small speeds are desirable to avoid running the barge into the docks. Drag is relatively small for
a well-designed hull at low speeds, consistent with the answer to this example, where is less than 1/600th of the weight of
the ship.

In the earlier example of a tightrope walker we noted that the tensions in wires supporting a mass were equal only because the
angles on either side were equal. Consider the following example, where the angles are not equal; slightly more trigonometry is
involved.
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EXAMPLE 4.8

Different Tensions at Different Angles
Consider the traffic light (mass 15.0 kg) suspended from two wires as shown in Figure 4.23. Find the tension in each wire,
neglecting the masses of the wires.

Figure 4.23 A traffic light is suspended from two wires. (b) Some of the forces involved. (c) Only forces acting on the system are shown

here. The free-body diagram for the traffic light is also shown. (d) The forces projected onto vertical (y) and horizontal (x) axes. The

horizontal components of the tensions must cancel, and the sum of the vertical components of the tensions must equal the weight of the

traffic light. (e) The free-body diagram shows the vertical and horizontal forces acting on the traffic light.

Strategy

The system of interest is the traffic light, and its free-body diagram is shown in Figure 4.23(c). The three forces involved are not
parallel, and so they must be projected onto a coordinate system. The most convenient coordinate system has one axis vertical
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and one horizontal, and the vector projections on it are shown in part (d) of the figure. There are two unknowns in this problem (
and ), so two equations are needed to find them. These two equations come from applying Newton’s second law along the

vertical and horizontal axes, noting that the net external force is zero along each axis because acceleration is zero.

Solution

First consider the horizontal or x-axis:

Thus, as you might expect,

This gives us the following relationship between and :

Thus,

Note that and are not equal in this case, because the angles on either side are not equal. It is reasonable that ends up
being greater than , because it is exerted more vertically than .

Now consider the force components along the vertical or y-axis:

This implies

Substituting the expressions for the vertical components gives

There are two unknowns in this equation, but substituting the expression for in terms of reduces this to one equation
with one unknown:

which yields

Solving this last equation gives the magnitude of to be

Finally, the magnitude of is determined using the relationship between them, = 1.225 , found above. Thus we obtain

Discussion

Both tensions would be larger if both wires were more horizontal, and they will be equal if and only if the angles on either side
are the same (as they were in the earlier example of a tightrope walker).

The bathroom scale is an excellent example of a normal force acting on a body. It provides a quantitative reading of how much it
must push upward to support the weight of an object. But can you predict what you would see on the dial of a bathroom scale if
you stood on it during an elevator ride? Will you see a value greater than your weight when the elevator starts up? What about
when the elevator moves upward at a constant speed: will the scale still read more than your weight at rest? Consider the
following example.
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EXAMPLE 4.9

What Does the Bathroom Scale Read in an Elevator?
Figure 4.24 shows a 75.0-kg man (weight of about 165 lb) standing on a bathroom scale in an elevator. Calculate the scale reading:
(a) if the elevator accelerates upward at a rate of , and (b) if the elevator moves upward at a constant speed of 1 m/s.

Figure 4.24 (a) The various forces acting when a person stands on a bathroom scale in an elevator. The arrows are approximately correct

for when the elevator is accelerating upward—broken arrows represent forces too large to be drawn to scale. is the tension in the

supporting cable, is the weight of the person, is the weight of the scale, is the weight of the elevator, is the force of the scale on

the person, is the force of the person on the scale, is the force of the scale on the floor of the elevator, and is the force of the floor

upward on the scale. (b) The free-body diagram shows only the external forces acting on the designated system of interest—the person.

Strategy

If the scale is accurate, its reading will equal , the magnitude of the force the person exerts downward on it. Figure 4.24(a)
shows the numerous forces acting on the elevator, scale, and person. It makes this one-dimensional problem look much more
formidable than if the person is chosen to be the system of interest and a free-body diagram is drawn as in Figure 4.24(b).
Analysis of the free-body diagram using Newton’s laws can produce answers to both parts (a) and (b) of this example, as well as
some other questions that might arise. The only forces acting on the person are his weight and the upward force of the scale

. According to Newton’s third law and are equal in magnitude and opposite in direction, so that we need to find in
order to find what the scale reads. We can do this, as usual, by applying Newton’s second law,

From the free-body diagram we see that , so that

Solving for gives an equation with only one unknown:
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or, because , simply

No assumptions were made about the acceleration, and so this solution should be valid for a variety of accelerations in addition
to the ones in this exercise.

Solution for (a)

In this part of the problem, , so that

yielding

Discussion for (a)

This is about 185 lb. What would the scale have read if he were stationary? Since his acceleration would be zero, the force of the
scale would be equal to his weight:

So, the scale reading in the elevator is greater than his 735-N (165 lb) weight. This means that the scale is pushing up on the
person with a force greater than his weight, as it must in order to accelerate him upward. Clearly, the greater the acceleration of
the elevator, the greater the scale reading, consistent with what you feel in rapidly accelerating versus slowly accelerating
elevators.

Solution for (b)

Now, what happens when the elevator reaches a constant upward velocity? Will the scale still read more than his weight? For any
constant velocity—up, down, or stationary—acceleration is zero because , and .

Thus,

Now

which gives

Discussion for (b)

The scale reading is 735 N, which equals the person’s weight. This will be the case whenever the elevator has a constant
velocity—moving up, moving down, or stationary.

The solution to the previous example also applies to an elevator accelerating downward, as mentioned. When an elevator
accelerates downward, is negative, and the scale reading is less than the weight of the person, until a constant downward
velocity is reached, at which time the scale reading again becomes equal to the person’s weight. If the elevator is in free-fall and
accelerating downward at , then the scale reading will be zero and the person will appear to be weightless.

Integrating Concepts: Newton’s Laws of Motion and Kinematics
Physics is most interesting and most powerful when applied to general situations that involve more than a narrow set of physical
principles. Newton’s laws of motion can also be integrated with other concepts that have been discussed previously in this text to
solve problems of motion. For example, forces produce accelerations, a topic of kinematics, and hence the relevance of earlier
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chapters. When approaching problems that involve various types of forces, acceleration, velocity, and/or position, use the
following steps to approach the problem:

Problem-Solving Strategy

Step 1. Identify which physical principles are involved. Listing the givens and the quantities to be calculated will allow you to
identify the principles involved.
Step 2. Solve the problem using strategies outlined in the text. If these are available for the specific topic, you should refer to
them. You should also refer to the sections of the text that deal with a particular topic. The following worked example illustrates
how these strategies are applied to an integrated concept problem.

EXAMPLE 4.10

What Force Must a Soccer Player Exert to Reach Top Speed?
A soccer player starts from rest and accelerates forward, reaching a velocity of 8.00 m/s in 2.50 s. (a) What was his average
acceleration? (b) What average force did he exert backward on the ground to achieve this acceleration? The player’s mass is 70.0
kg, and air resistance is negligible.

Strategy

1. To solve an integrated concept problem, we must first identify the physical principles involved and identify the chapters in
which they are found. Part (a) of this example considers acceleration along a straight line. This is a topic of kinematics. Part
(b) deals with force, a topic of dynamics found in this chapter.

2. The following solutions to each part of the example illustrate how the specific problem-solving strategies are applied. These
involve identifying knowns and unknowns, checking to see if the answer is reasonable, and so forth.

Solution for (a)

We are given the initial and final velocities (zero and 8.00 m/s forward); thus, the change in velocity is . We are
given the elapsed time, and so . The unknown is acceleration, which can be found from its definition:

Substituting the known values yields

Discussion for (a)

This is an attainable acceleration for an athlete in good condition.

Solution for (b)

Here we are asked to find the average force the player exerts backward to achieve this forward acceleration. Neglecting air
resistance, this would be equal in magnitude to the net external force on the player, since this force causes his acceleration. Since
we now know the player’s acceleration and are given his mass, we can use Newton’s second law to find the force exerted. That is,

Substituting the known values of and gives

Discussion for (b)

This is about 50 pounds, a reasonable average force.

This worked example illustrates how to apply problem-solving strategies to situations that include topics from different

4.88

4.89

4.90

4.91

174 Chapter 4 • Dynamics: Force and Newton's Laws of Motion

Access for free at openstax.org.



chapters. The first step is to identify the physical principles involved in the problem. The second step is to solve for the unknown
using familiar problem-solving strategies. These strategies are found throughout the text, and many worked examples show
how to use them for single topics. You will find these techniques for integrated concept problems useful in applications of
physics outside of a physics course, such as in your profession, in other science disciplines, and in everyday life. The following
problems will build your skills in the broad application of physical principles.

4.8 Extended Topic: The Four Basic Forces—An Introduction
One of the most remarkable simplifications in physics is that only four distinct forces account for all known phenomena. In fact,
nearly all of the forces we experience directly are due to only one basic force, called the electromagnetic force. (The gravitational
force is the only force we experience directly that is not electromagnetic.) This is a tremendous simplification of the myriad of
apparently different forces we can list, only a few of which were discussed in the previous section. As we will see, the basic forces
are all thought to act through the exchange of microscopic carrier particles, and the characteristics of the basic forces are
determined by the types of particles exchanged. Action at a distance, such as the gravitational force of Earth on the Moon, is
explained by the existence of a force field rather than by “physical contact.”

The four basic forces are the gravitational force, the electromagnetic force, the weak nuclear force, and the strong nuclear force.
Their properties are summarized in Table 4.1. Since the weak and strong nuclear forces act over an extremely short range, the
size of a nucleus or less, we do not experience them directly, although they are crucial to the very structure of matter. These
forces determine which nuclei are stable and which decay, and they are the basis of the release of energy in certain nuclear
reactions. Nuclear forces determine not only the stability of nuclei, but also the relative abundance of elements in nature. The
properties of the nucleus of an atom determine the number of electrons it has and, thus, indirectly determine the chemistry of
the atom. More will be said of all of these topics in later chapters.

Force Approximate Relative Strengths Range Attraction/Repulsion Carrier Particle

Gravitational attractive only Graviton

Electromagnetic attractive and repulsive Photon

Weak nuclear < attractive and repulsive , ,

Strong nuclear < attractive and repulsive gluons

Table 4.1 Properties of the Four Basic Forces1

The gravitational force is surprisingly weak—it is only because gravity is always attractive that we notice it at all. Our weight is
the gravitational force due to the entire Earth acting on us. On the very large scale, as in astronomical systems, the gravitational
force is the dominant force determining the motions of moons, planets, stars, and galaxies. The gravitational force also affects
the nature of space and time. As we shall see later in the study of general relativity, space is curved in the vicinity of very massive

Concept Connections: The Four Basic Forces
The four basic forces will be encountered in more detail as you progress through the text. The gravitational force is defined
in Uniform Circular Motion and Gravitation, electric force in Electric Charge and Electric Field, magnetic force in
Magnetism, and nuclear forces in Radioactivity and Nuclear Physics. On a macroscopic scale, electromagnetism and gravity
are the basis for all forces. The nuclear forces are vital to the substructure of matter, but they are not directly experienced on
the macroscopic scale.

1The graviton is a proposed particle, though it has not yet been observed by scientists. See the discussion of gravitational waves later in this section. The

particles , , and are called vector bosons; these were predicted by theory and first observed in 1983. There are eight types of gluons proposed by

scientists, and their existence is indicated by meson exchange in the nuclei of atoms.
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