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13Oscillations  
and Waves

In Chapter 8 you studied objects that are at rest. Such objects are seldom 
left undisturbed for very long, it seems. Soon they are disturbed by a bump, 
a kick, or a nudge. When this happens, you may see a series of back-and-
forth motions referred to as oscillations. The properties of oscillations are 
explored in this chapter.

You will also learn that oscillations can produce waves, a topic of central 
importance in physics. This chapter introduces you to the properties of 
waves and explains how waves interact with one another.

Though she may not be thinking about 
it, this girl is demonstrating the basic 
physics of oscillatory motion.

Big Idea
Waves are traveling 
oscillations that  
carry energy.
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Oscillations and Waves 453

If you sit quietly in a rocking chair, it remains at rest. It is in equilibrium. If 
you adjust your position slightly, however, the chair begins to rock back and 
forth. This is just one example of an oscillating system. Oscillating systems 
are common and can range from the head on a bobble-head doll to water 
molecules that oscillate in a microwave oven. Even the universe may be an 
oscillator, with a series of “big bangs” followed by equally momentous “big 
crunches.”

Periodic Motion
Perhaps the most familiar oscillating system is a simple pendulum, like 
the one that keeps time in a grandfather clock. Picture in your mind the 
swinging motion of the clock’s pendulum as it moves back and forth along 
the same path. The motion of the pendulum repeats over time. Other 
repeating motions are the motions of a child on a swing and of race cars 
on an oval track. In general, any motion that repeats itself over and over is 
referred to as periodic motion.

Period and frequency describe periodic motion
Periodic motion has a cycle that repeats. For example, the electrocardiogram 
in Figure 13.1 on the next page shows a repeating cycle. If you match 
similar points in the pattern, you will find that approximately three cycles 
(heartbeats) are shown.

Oscillations and  
Periodic Motion13.1

Explore
1. Fill a rectangular pan half full 

of water.
2. Hold a pencil horizontally be-

tween your thumb and forefin-
ger. Gently dip the pencil into 
the water at one end of the pan, 
making sure that the whole 
length of the pencil strikes the 
water at the same time. Observe 
the result.

3. Repeat Step 2, this time dipping 
the pencil into the water more 
forcefully, but not so hard as to 
make a splash.

4. Repeat Step 2, this time continual-
ly dipping the pencil in the water 
about once per second for 10 s.

Think
1. Observe  What causes the initial 

disturbance in the water? In 

which direction does the wave 
that forms move? What happens 
when the wave hits the end of 
the pan?

2. Assess  Did anything affect the 
height of the wave or its speed? 
If so, identify each factor.

3. Predict  Do you think the results 
would differ if the water were 
replaced by maple syrup? Explain 
your reasoning.

Inquiry Lab How do waves move in water?

Vocabulary
• periodic motion

• period

• frequency

• hertz

• simple harmonic motion

• restoring force

• amplitude
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454  Chapter 13 • Lesson 13.1 

Period   One of the key characteristics of periodic motion is its period. 
The  period, T, is the time required to complete one full cycle of the motion. 
For example, the pendulum in a grandfather clock might take one second 
to swing from maximum displacement in one direction to maximum 
displacement in the opposite direction, and then another second to swing 
back to the starting point. In this case it takes two seconds to complete one 
cycle of oscillation, and the period is 2 s.

Definition of Period, T

 period = time required for one cycle of a periodic motion
 T = period

SI unit: seconds>cycle = s

Notice that a cycle is dimensionless.

Frequency   Closely related to the period is the  frequency , ƒ, which is 
the number of oscillations per unit of time. The higher the frequency, the more 
rapid the oscillations. As an example, your heart beats about 60 times per 
minute, or about once per second. This means that its frequency is 1 cycle (beat) 
per second.   Frequency is calculated by taking the inverse of the period. 

Thus, a pendulum with a period of 2 s has a frequency of 
1

2 s
, or 0.5 s-1.

Definition of Frequency, f

 frequency =
1

period

 f =
1

T

SI unit: cycle>second = 1>s = s-1

A special unit called the hertz (Hz) is used to measure frequency. It is 
named for the German physicist Heinrich Hertz (1857–1894) in honor of 
his studies of radio waves. One hertz equals one cycle per second:

1 Hz = 1 
cycle

 second
 

A pendulum whose frequency is 0.5 s-1 oscillates with a frequency of 0.5 Hz.
High frequencies are often measured in kilohertz (kHz), where 

1 kHz = 103 Hz, or megahertz (MHz), where 1 MHz = 106 Hz. Consider 
the frequency of a radio signal, as shown in Figure 13.2. AM frequencies 
range from 530 kHz to 1710 kHz. This means, for example, that the broad-
cast signal from a 650-kHz AM radio station oscillates 650,000 times every 
second. Even more rapid are the oscillations for FM stations, which range 
from 88 MHz to 108 MHz. An FM signal at 101 MHz oscillates an amazing 
101,000,000 times per second.

Period and frequency are reciprocals of one another. That is,

f = 1>T    and   T = 1> f
This means that when one is large, the other is small. For example, an 
oscillation with a large frequency has a small period, and vice versa. You can 
see this relationship in Table 13.1, which shows periods and frequencies for 
a wide range of periodic motions.

▲  Figure 13.1  Electrocardiogram
An electrocardiogram (also called an 
ECG or EKG) measures and displays the 
periodic electrical activity in a beating 
heart. A complete cycle of electrical activity 
occurs when the pattern repeats.

▲  Figure 13.2  Radio frequencies
Radio stations send out, or broadcast, their 
signals at specific frequencies. What is the 
frequency of your favorite station? What is 
the period of its signal?

How are the period and the 
frequency of periodic motion 
related?
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Oscillations and Waves 455

COOL Physics
Quartz Clock
Modern clocks, including those 
in computers, use a small vibrat-
ing quartz crystal to keep track of 
time. The crystal, which is often 
shaped like a miniature tuning 
fork, vibrates 32,768 times a sec-
ond. An electronic circuit counts 
the vibrations and tracks the time. 
Quartz crystals keep time at least 
ten times more accurately than 
the pendulums or springs in old-
fashioned clocks and watches.

Practice Problems

1.  A bird flaps its wings 5 times a second. What are the frequency and 
period of this motion?

2.  Concept Check   If the frequency of a motion is doubled, what hap-
pens to its period? Verify your answer by calculating the period of a 
bird’s wing that flaps 10 times a second. Compare with the period you 
found in Problem 1.

3.  Triple Choice   The concert A string on a violin oscillates 440 times 
per second. If we increase the frequency of these oscillations, does the 
period increase, decrease, or stay the same? Explain.

4.  A tennis ball is hit back and forth between two players. If it takes 
2.3 s for the ball to go from one player to the other, what are the period 
and frequency of the ball’s motion?

System Period (s) Frequency (Hz)

Hour hand of a clock 43,200

(1 cycle per 12 hours)

2.3 * 10-5

Minute hand of a clock 3600

(1 cycle per hour)

2.8 * 10-4

Second hand of a clock 60

(1 cycle per minute)

0.017

Pendulum in a grandfather clock 2.0 0.50

Human heartbeat 1.0 1.0

Sound at lower range of human hearing 5.0 * 10-2 20

Wing beat of a housefly 5.0 * 10-3 200

Sound at upper range of human hearing 5.0 * 10-5 20,000

Computer processor 3.1 * 10-10 3.2 * 109

Table 13.1  Common Periods and Frequencies

Quick  Example 13.1   What Are the Frequency and the Period?

After walking up a flight of stairs, you take your pulse and observe 82 
heartbeats in a minute. (a) What is the frequency of your heartbeat, in 
hertz? (b) What is the period of your heartbeat, in seconds?

Solution
(a) Convert the given frequency of 82 beats per minute to hertz:

 f = a82 
beats

minute
b a1 minute

60 s
b = 1.4 

beats
s

= 1.4 Hz

(b) Take the reciprocal of the frequency to find the period:

 T =
1

f
=

1

1.4 Hz
= 0.71 s

Math HELP
Unit  

Conversion
See  

Lesson 1.3
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456  Chapter 13 • Lesson 13.1 

Simple Harmonic Motion
Periodic motion comes in many forms. A tennis ball going back and forth 
between players is a good example. Other examples include a basketball 
coach pacing the sidelines during a heated game, and a city mayor on 
a parade float waving her hand from side to side. One type of periodic 
motion is of particular importance. This is simple harmonic motion, and 
it occurs when the force pushing or pulling an object toward equilibrium is 
proportional to the displacement from equilibrium.

Simple harmonic motion requires a restoring force
A classic example of simple harmonic motion is provided by a mass attached 
to a spring. In Figure 13.3 we see a typical case, an air-track cart of mass 
m attached to a spring with a spring constant k. When the spring is neither 
stretched nor compressed, the cart is at the equilibrium position, x = 0. The 
cart remains at rest if it is left undisturbed.

Now, suppose you displace the cart away from equilibrium. Because of 
the displacement, the spring exerts a force back toward equilibrium. A force 
that acts to bring an object back to equilibrium is a restoring force. After 
all, it’s a force that tries to “restore” an object to equilibrium.

 Simple harmonic motion occurs when the restoring force is 
proportional to the displacement from equilibrium. Recall from Chapter 12 
that the force exerted by a spring displaced a distance x from equilibrium is 
given by Hooke’s law, F = kx. This force is proportional to x, and therefore a 
cart on a spring moves with simple harmonic motion.

Let’s look at the motion of the cart in Figure 13.3. The cart is displaced 
to x = A and released from rest. The stretched spring exerts a force on the 
cart to the left. This accelerates the cart toward the equilibrium position.

When the cart reaches x = 0 in Figure 13.3 (b), the spring is at its 
equilibrium position and the force acting on the cart is zero. Does the cart 

What type of restoring force 
produces simple harmonic  
motion?

(a)

(b)

(c)

(d)

(e)

x
x � �A 0 x � A

v � 0

F � 0

F

F

v

F � 0
v

v � 0
F

v � 0

Start of cycle: maximum �x
position, maximum restoring
force (to the left), speed is zero

Completion of first cycle:
conditions the same as in (a).

x � 0 (equilibrium), zero force,
maximum speed

x � 0 (equilibrium), zero force,
maximum speed

Maximum �x position, 
maximum restoring force (to
the right), speed is zero

  Figure 13.3  Simple harmonic motion 
of a mass attached to a spring
The simple harmonic motion of a mass 
attached to a spring is shown in (a) 
through (e). The mass oscillates from one 
side of its equilibrium position (x = 0) to 
the other.

In Chapter 5 you learned about 
Newton’s second law; in Chapter 
12 you learned about Hooke’s law.
•  Here these two laws are applied 
to a mass oscillating on a spring.

ConneCtingIdeas
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Oscillations and Waves 457

stop at this point? No. The cart’s speed isn’t zero, and no force acts to stop it. 
Therefore, it continues moving to the left.

As the cart moves to the left of equilibrium, it compresses the spring and 
produces a restoring force acting to the right. This force decelerates the cart 
and brings it to rest at x = -A, as shown in Figure 13.3 (c).

Finally, the cart begins to move to the right. It passes through equilibrium, 
as shown in Figure 13.3 (d), and comes to rest again at x = A, as shown in 
Figure 13.3 (e). At this point the cart has completed one oscillation of simple 
harmonic motion. The time required for one oscillation is the period, T.

Amplitude is a key characteristic of periodic motion
The motion in Figure 13.3 can be divided into four parts, each taking an 
equal amount of time (one-quarter of the period, or T>4).
• The cart moves from x = A to x = 0 in the time T>4.
• The cart moves from x = 0 to x = -A in the time T>4.
• The cart moves from x = -A to x = 0 in the time T>4.
• The cart moves from x = 0 to x = A in the time T>4.

The cart oscillates back and forth between x = A and x = -A. Notice 
that both of these points are a distance A from equilibrium. The maximum 
displacement from equilibrium is the  amplitude of motion. In this case the 
amplitude is A. As you might expect, the greater the amplitude of motion, 
the greater the energy of the oscillations.

A sine wave describes simple harmonic motion
Suppose you attach a pen to the cart in Figure 13.3 and let it trace the cart’s 
motion on a strip of paper moving with constant speed, as indicated in 
Figure 13.4 (a). This strip chart records the cart’s motion as a function of 
time. Notice that the motion looks like a sine or cosine function.

The shape of the plot on the strip chart is shown in more detail in  
Figure 13.4 (b). You can see that the time from one peak to the next is the 
period T. In general, whenever the time increases by the amount T, the motion 
repeats. In addition, the strip chart shows that the cart’s motion is limited to 
displacements between x = A and x = -A, where A is the amplitude.

Curve shows position of
cart as a function of time.

Pen attached to cart
traces cart’s motion.

Cart oscillates
back and forth.

x

Strip of paper moves
with steady speed.

�A 0

Roll of paper

A

(a)  

Time

Equilibrium
position

T

Amplitude

D
is

pl
ac

em
en
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qu
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�A

0

A
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(b)

▼  Figure 13.4 Position-time graph for 
simple harmonic motion
(a) The strip chart shows that the motion 
of the oscillating cart is like a sine or cosine 
function. Slightly more than one cycle has 
been completed in this sketch. (b) The 
motion of the cart is represented by a sine 
function if t = 0 is taken to be the point 
where the displacement is zero.
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458  Chapter 13 • Lesson 13.1 

Practice Problems

5.  Follow-up   What is the amplitude of the cart’s motion?

6.  Follow-up   What is the speed of the cart when its position is 
x = -0.10 m?

7.  A mass moves back and forth in simple harmonic motion with an 
amplitude of 0.25 m and a period of 1.2 s. Through what distance does 
the mass move in 2.4 s?

How is the period of a mass 
on a spring related to the spring 
constant and the mass?

Picture the Problem
We place the origin of the x-axis at the equilibrium position of 
the cart, with the positive direction pointing to the right. The 
cart is released from rest at x = 0.10 m, which means that the 
amplitude is A = 0.10 m. After it is released, the cart oscillates 
back and forth between x = 0.10 m and x = -0.10 m.

An air-track cart attached to a spring completes one oscillation every 2.4 s. At t = 0 the 
cart is released from rest at a distance of 0.10 m from its equilibrium position. What is the 
position of the cart at (a) 0.60 s and (b) 1.2 s?

GuiDED  Example 13.2   |  Spring Time Simple Harmonic Motion

Known
T = 2.4 s        x = 0 at t = 0

Unknown
(a)  x = ? at t = 0.60 s
(b)  x = ? at t = 1.2 s

x � �0.10 m O x � 0.10 m
x

Strategy
The period of oscillation is given as T = 2.4 s. Thus, we know 
that it takes the time T>4 = 0.60 s to go from x = 0.10 m to 
x = 0. Similarly, it takes the same time (T>4) to go from x = 0 
to x = -0.10 m, from x = -0.10 m to x = 0, and from 
x = 0 to x = 0.10 m. With this information we can determine 
the position x at the desired times.

Solution

The period depends on several factors
Imagine a soft spring, like the popular coiled spring toys that can “walk” 
down a set of stairs. These springs have a small spring constant k. If you 
attach a mass to such a spring, the mass oscillates slowly. The period in this 
case is large—it takes a long time to complete an oscillation. On the other 

x = 0

x = -0.10 m

(a) The time t � 0.60 s is equal to T>4. Therefore, 
the cart has moved from x � 0.10 m to x � 0: 1

(b) The time t � 1.2 s is equal to T>2. At this time the 
cart has moved from x � 0.10 m to x � �0.10 m:2

Insight
At t = 1.8 s the cart is at x = 0 again, and at t = T = 2.4 s (one period) the cart has 
returned to its starting position, x = 0.10 m.
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Oscillations and Waves 459

hand, a mass on a stiff spring (with a large spring constant k) oscillates 
rapidly. The period in this case is small.   It follows that the period of a 
mass on a spring varies inversely with the spring constant.

Similarly, the more mass you attach to a given spring, the slower it oscil-
lates.   Therefore, the period of a mass on a spring varies directly with 
the mass. In fact, it can be shown with mathematical analysis or experiment 
that the period of a mass m on a spring with spring constant k is given by the 
following equation:

Period of a Mass on a Spring

 period = 2pA mass

spring constant

 T = 2pAm

k

SI unit: s

Notice that a larger mass m results in a larger period. On the other hand, a 
larger spring constant k results in a smaller period.

Quick  Example 13.3  What’s the Period?

A 0.22-kg air-track cart is attached to a spring with a spring constant of 
12 N>m and set into motion. What is the period of its oscillation?

Solution
Substituting for m and k in the period equation for a mass on a spring yields

 T = 2pAm

k

 = 2pA 0.22 kg

12 N>m
 = 0.85 s

PrObLEM-SOLving nOTE
Recall that force is equal to  
mass times acceleration (F = ma). 
Substituting the SI units for each 
quantity in this equation shows 
that N = (kg)(m>s2). Making 
this substitution for N in the 
calculation in this example yields 
the correct unit for the period.

Practice Problems

 8.  Concept Check   If the mass attached to a given spring is 
increased by a factor of 4, by what factor does the period change?

 9.  Triple Choice   If the mass and spring constant of a mass–spring 
system are both doubled, does the period of the system increase, 
decrease, or stay the same?

10.  A 0.32-kg mass attached to a spring undergoes simple harmonic 
motion with a frequency of 1.6 Hz. What is the spring constant of the 
spring? (Hint: Rearrange T = 2p1m>k to solve for the spring con-
stant k.)

11.  You have a spring with a spring constant of 22 N>m. What mass 
should you attach to this spring so that its motion has a period of 0.95 s? 
(Hint: Rearrange T = 2p1m>k to solve for the mass m.)
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460  Chapter 13 • Lesson 13.1 

       Physics &       You: Technology    Engineers at NASA use the formula 
T = 2p1m>k to measure the mass of astronauts in orbit. Astronauts are 
in free fall as they orbit the Earth, and therefore they are “weightless.” As 
a result, they cannot simply step onto a bathroom scale to determine their 
mass. To get around this problem, NASA has developed a device called 
the body mass measurement device (BMMD). Basically, the BMMD is a 
spring attached to a chair, into which an astronaut is strapped, as shown 
in Figure 13.5. As the astronaut oscillates back and forth, the period of 
oscillation is measured. Knowing the spring constant, k, and the period of 
oscillation, T, allows the astronaut’s mass to be determined by rearranging 
T = 2p1m>k. Cool.

A change in amplitude does not affect the period
Suppose you have two identical mass–spring systems—identical masses 
and identical springs. Now suppose you give one mass twice the amplitude 
of the other. Does it take more time for the mass with the larger amplitude 
to complete one cycle than it does for the other mass? After all, the mass 
with the larger amplitude has to cover a greater distance during each cycle. 
Surprisingly, the answer is no—the two masses have the same period.

While it is true that a mass on a spring covers a greater distance when 
its amplitude is increased, it is also true that the larger amplitude causes 
a larger force to be exerted by the spring. The larger force, in turn, causes 
the mass to move more rapidly. In fact, the speed of the mass increases just 
enough to make it cover the greater distance in precisely the same time. 
That’s why the formula for the period, T = 2p1m>k, does not contain 
the amplitude, A.

Figure 13.6 summarizes how the mass, the spring constant, and the 
amplitude affect the simple harmonic motion of a mass–spring system.

▲  Figure 13.5 Determining the mass 
of a weightless astronaut
The chair in which astronaut Tamara 
Jernigan sits is attached to a spring. Her 
mass can be determined by measuring the 
period of her oscillations as she rocks back 
and forth.

t

x

t

x

Mass on a spring: position versus time

t

x

t

x

t

x

(a) Change: Increase spring constant (k)
by a factor of 4 
Result: frequency doubles, period halved 

(c) Change: Increase spring constant (k)
and mass (m) by a factor of 4
Result: effects seen in (a) and (b) cancel,
no change in motion

(d) Change: Increase amplitude (A) by a
factor of 2
Result: frequency and period unchanged,
speed and acceleration of mass increase

(b) Change: Increase mass (m) by a factor
of 4
Result: frequency halved, period doubles 

▼  Figure 13.6 Factors affecting the 
motion of a mass on a spring
The simple harmonic motion of a mass–
spring system with spring constant k, mass 
m, and amplitude A is shown in the center. 
The effects of changing the values of k, m, 
and A are shown in (a) through (d).
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Practice Problems

12.  Triple Choice   If the mass attached to a spring is increased and 
the spring constant is decreased, does the period of the oscillating 
motion increase, decrease, or stay the same?

13.  When a 0.213-kg mass is attached to a vertical spring, it causes 
the spring to stretch a distance d. If the mass is displaced from equilib-
rium, it makes 102 oscillations in 56.7 s. Find the stretch distance, d.

AcTiVE  Example 13.4 Find the Period

When a 0.10-kg mass is attached to a spring, the spring stretches by 0.20 m. 
Find the period of motion when this mass–spring system oscillates.

Solution (Perform the calculations indicated in each step.)

1. Solve Hooke’s law for the spring  
constant, k: k =

F
x

k =
F
x
=

mg

x
= 4.9 N>m2. Calculate the value of k:

insight
Notice that the stretch distance of the spring was used to calculate the 
spring constant and that the force stretching the spring is the weight 
of the mass, F = mg .

T = 0.90 s3. Substitute numerical values into  
T = 2p1m>k and calculate the period, T:

13.1  LessonCheck
Checking Concepts

14.   Determine  If the period increases, does the 
frequency increase, decrease, or stay the same? Explain.

15.   Describe  What characteristics of a restoring 
force lead to simple harmonic motion?

16.   Analyze  The spring constant of a spring is 
increased by a factor of 4, but the mass attached to the 
spring remains the same. How does the period of oscil-
lation change?

17.  Triple Choice   If the mass attached to a spring is 
increased, does the frequency of the mass–spring sys-
tem increase, decrease, or stay the same? Explain.

18.  Determine  You would like to increase the fre-
quency of oscillations of a mass–spring system. Should 
you increase or decrease the mass? Explain.

Solving Problems

19.  rank   Four mass–spring systems are described 
below. Rank the systems in order of increasing period. 
Indicate ties where appropriate.

  System A System b System C System D

m 0.1 kg 0.4 kg 0.4 kg 0.1 kg

k 10 N>m 40 N>m 10 N>m 40 N>m

20. Calculate It takes a force of 12 N to stretch a 
spring 0.16 m. (a) What is the period of oscillation 
when a 2.2-kg mass is attached to the spring? (b) What 
is the frequency of oscillation in this case?

21.  Challenge   The processing speed of a computer 
refers to the number of binary operations it can per-
form in a second. Thus, the processing speed is actually 
a frequency. If the processor of a personal computer 
operates at 1.80 GHz (1 GHz = 109 Hz), how much 
time is required for one processing cycle?

Oscillations and Waves 461
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462  Chapter 13 • Lesson 13.2 

Vocabulary
• simple pendulum

• natural frequency

• resonance

One Sunday in 1583, as Galileo Galilei attended services in a cathedral in 
Pisa, Italy, he suddenly realized something interesting about the chandeliers 
hanging from the ceiling. Air currents circulating through the cathedral had 
set them in motion, with small oscillations. Galileo noticed that chandeliers 
of equal length oscillated with equal periods, even if their masses were quite 
different. He verified this observation by timing the oscillations with the 
only timing device he had handy—his pulse.

Excited by his observations, Galileo rushed home to experiment. He 
constructed a series of pendulums (each one basically a mass suspended 
from a string) of different lengths and masses. Continuing to use his pulse 
as a stopwatch, he observed that the period of a pendulum varies with its 
length but is not affected by the mass attached to the string. Thus, in one 
exhilarating afternoon, the young Galileo discovered the key characteris-
tics of a pendulum and launched himself into a career in science. Later,  
he would construct the first pendulum clock and a device to measure a 
patient’s pulse.

Properties of Pendulums
Pendulums come in all shapes and sizes. A person on a swing is a pendulum. 
A hypnotist’s pocket watch swinging back and forth (“You are getting sleepy”) 
is a pendulum. A grandfather clock keeps time with a long pendulum 
consisting of a light rod with a heavy mass at the end. In general, we 
consider a simple pendulum to be a mass m suspended by a light string or 
rod of length L. The mass is often called the bob.

Pendulums move with simple harmonic motion
An example of a simple pendulum is shown in Figure 13.7 (a). At rest, 
the pendulum hangs straight down in its equilibrium position. When 
displaced by a small angle from the vertical and released, the mass swings 
back and forth from one side of the equilibrium position to the other. If 
a stream of sand leaks from the mass onto a moving strip of paper, as in 
Figure 13.7 (b), it produces a sine wave. Thus, the motion of the pendulum 
is very similar to that of a mass on a spring—both are examples of simple 
harmonic motion.

A pendulum moves with simple harmonic motion because a restoring 
force acts on it that is approximately proportional to the angle of displace-
ment. As you can see in Figure 13.7 (c), the weight of the bob, mg

>, acts 
downward, and a tension force, T

>
, acts along the length of the string. The 

tension cancels part of the bob’s weight, but a component of the weight  
(mg sin θ) acts in the direction of the equilibrium position. This is the 
restoring force. For small angles (about 158 or less) the restoring force is 
essentially proportional to the angle of displacement, θ, and this results in 
simple harmonic motion.

 
The Pendulum13.2
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L

m

Path of pendulum

Vertical
rise from
equilibrium

(a) (b)

u
u

T

mg

mg cos u

mg sin u

m

u

u

(c)

▲  Figure 13.7 Motion of a pendulum
(a) A swinging pendulum oscillates back 
and forth from one side of the vertical 
position to the other. (b) Because the 
pendulum’s angle of displacement, θ, varies 
with time like a sine function, the leaking 
sand produces a sine wave on the strip 
chart. (c) A component of the pendulum 
bob’s weight acts as a restoring force. The 
strength of the restoring force is mg sin θ.

Different pendulums oscillate at different rates
The period of a pendulum—the time required for one full oscillation—can 
be determined mathematically or experimentally. For a pendulum of length 
L, the period is given by the following formula:

Period of a Pendulum

 period = 2pA length of pendulum

acceleration due to gravity

 T = 2pAL
g

SI unit: s

 The period of a pendulum depends on its length and on the 
acceleration due to gravity. It’s quite interesting, though, that the period 
doesn’t depend at all on the amplitude of the motion or on the mass.

What factors affect the  
period of a pendulum?

Quick  Example 13.5  What’s the Period?

A yo-yo has a string that is 0.75 m in length. What is the period of 
oscillation if the yo-yo is allowed to swing back and forth at the end of its 
string?

Solution
The length of the (yo-yo) pendulum is L = 0.75 m, and the acceleration 
due to gravity is g = 9.81 m>s2. Substitute these values into the formula 
for the period of a pendulum:

 T = 2pAL
g

 = 2pA 0.75 m

9.81 m>s2

 = 1.7 s

Math HELP
Significant 

Figures
See  

Lesson 1.4
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Practice Problems

22.  Triple Choice   If the length of a pendulum is decreased, does its 
period increase, decrease, or stay the same? Explain.

23.  Triple Choice   If the mass of a pendulum bob is increased, 
does the period of the pendulum increase, decrease, or stay the same? 
Explain.

24.  The pendulum in a grandfather clock is designed to take 1.00 s to 
swing in each direction. Thus, its period is 2.00 s. What is the length of 
this pendulum? (Hint: Solve T = 2p1L>g  for the length.)

Period and Mass   Why doesn’t the period of a pendulum depend 
on the mass? Well, a larger mass tends to move more slowly because of its 
greater inertia. On the other hand, the gravitational force acting on it is 
also greater, and this tends to make it move faster. These two effects cancel 
exactly, just as they do in free fall. Thus, free-fall acceleration and the period 
of a pendulum are independent of mass for the same reason.

Period and Amplitude   Similarly, why doesn’t a pendulum’s period 
depend on the amplitude? To see this, consider the two pendulums shown 
in Figure 13.8. The pendulum with the larger amplitude has farther to go 
to get back to its equilibrium position. This would seem to indicate a larger 
period. However, this pendulum also has a greater restoring force acting on 
it. Because of this greater force, it covers the larger distance in exactly the 
same time as the pendulum with the smaller amplitude.

The restoring force
is larger, however, so
it reaches equilibrium
in the same time.
Pendulums of equal
length have equal
periods.

L

Equilibrium
position

L

This pendulum
has farther to
go to reach
equilibrium.

▲  Figure 13.8 Pendulums with different amplitudes
The pendulum with the larger amplitude has farther to go to reach the vertical position, but 
the restoring force acting on it is also greater. The two effects cancel, and thus the period 
doesn’t depend on the amplitude.

Period and Length   You can also see why the period depends on 
the length of a pendulum. Figure 13.9 shows two pendulums displaced 
by the same angle, θ. Both masses experience the same force of gravity 
pulling them back toward the vertical position. Therefore, they will have 
the same acceleration. Since the mass with the greater length must travel 
farther to reach the vertical, it will take longer for it to complete an 
oscillation. It follows that the period of a pendulum increases as its length 
increases.
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Greater distance to equilibrium means
greater time, and hence a greater period
for the longer pendulum.

Same displacement angle
means same restoring force.

Equilibrium
position

uu

  Figure 13.9 Effect of pendulum 
length on period
The longer pendulum has farther to travel 
to reach equilibrium, but the force acting 
on it is the same as the force acting on the 
shorter pendulum. Therefore, the period 
of the longer pendulum is greater than the 
period of the shorter pendulum.

cONcEPTuAL  Example 13.6  Raise or Lower the Weight?

If you look carefully at a grandfather clock, you’ll notice that the weight 
at the bottom of the pendulum can be moved up or down by turning a 
small screw. Suppose you have a grandfather clock that runs slow. Should 
you raise or lower the weight?

reasoning and Discussion
To make the clock run faster, you want it to take less time to go from tick 
to tock. In other words, the period of the pendulum should be decreased. 
From the period formula for a pendulum, T = 2p1L>g , you can see 
that shortening the pendulum (decreasing L) decreases the period. 
Therefore, you should raise the weight, which shortens the pendulum.

Answer
The weight should be raised. This shortens the period and makes the 
clock run faster.

The value of g affects the period 
of a pendulum
       Physics &       You: Technology    The fact that the acceleration 
due to gravity varies from place to place on Earth was mentioned 
in Chapter 2. In fact, gravity maps, such as the one shown 
in Figure 13.10, are valuable tools for geologists attempting 
to understand the properties of the rock underlying a given 
region. The main instrument geologists use to make gravity 
maps is basically a very precise pendulum whose period can be 
accurately measured. Slight changes in the pendulum’s period 
from one location to another, or from one elevation to another, 
correspond to slight changes in g. More common in recent 
decades is an electronic gravimeter that contains a mass on a 
spring and relates the force of gravity to the stretch of the spring. 
These gravimeters can measure g with an accuracy of 1 part in 
100 million.

  Figure 13.10 Map of gravitational strength
Areas where the gravitational strength is greatest have denser rock underlying 
the surface.
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A pendulum is constructed from a string 0.627 m long attached to a mass of 0.250 kg. 
When set in motion at a certain location, the pendulum completes one oscillation every 
1.59 s. If the pendulum is held at rest in the vertical position and the string is cut, how 
long does it take for the mass to fall through a distance of 1.00 m?

GuiDED  Example 13.7   |  Drop Time Acceleration due to Gravity

Picture the Problem
The pendulum has a length L = 0.627 m and a period of 
oscillation T = 1.59 s. When the pendulum is held at rest in 
the vertical position, a pair of scissors is used to cut the string. 
The mass then falls straight downward through a distance 
y = 1.00 m. The acceleration of the mass is equal to the 
acceleration due to gravity at the pendulum’s location.

L � 0.627 m

y � 1.00 m 

T

g 

Insight
This calculation shows a small local variation from the standard value of g = 9.81 m>s2.

T = 2p2L>g

 g =
4p2L

T2

 glocal =
4p2L

T2

 =
4p2(0.627 m)

(1.59 s)2

      = 9.79 m>s2

y =
1
2 gt2  or  t = 22y>g

Solution

 t = 22y>glocal

 = A 2(1.00 m)

9.79 m>s2

 = 0.452 s

Strategy
At first it might seem that the period of oscillation and the 
time of fall are unrelated. Recall, however, that the period of a 
pendulum depends on both its length and the acceleration due 
to gravity at the location of the pendulum.

To solve this problem, then, we first use the period T to 
find the local acceleration due to gravity, glocal. Once glocal is 
known, finding the time of fall is a straightforward kinematics 
problem, which we can solve with y =

1
2 glocalt

2.

Known
 L = 0.627 m
T = 1.59 s
 y = 1.00 m

Unknown
t = time to fall 1.00 m

Use the formula for the period of a pendulum 
to solve for the acceleration due to gravity:1

Substitute numerical values to find glocal :2

Use kinematics to solve for the time to drop 
from rest through a distance y :3

Substitute y � 1.00 m and the value of glocal 
found in Step 2 to find the time:4

Math HELP
Solving Simple 

Equations
See Math 
review, 

Section iii
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Practice Problems

25.  Follow-up   If a mass falls 1.00 m in a time of 0.451 s, what are (a) 
the local acceleration due to gravity and (b) the period of a pendulum of 
length 0.500 m at this location?

26.  What is the frequency of a pendulum of length 1.25 m at a location 
where the acceleration due to gravity is 9.82 m>s2?

27.  Triple Choice   The acceleration due to gravity is greater at loca-
tion A than at location B. If identical pendulums are taken to both loca-
tions, is the period of the pendulum at location A greater than, less 
than, or equal to the period of the pendulum at location B? Explain.

Your legs act as pendulums when you walk
The next time you take a leisurely stroll, think about the way your legs pivot 
about the hip joint. Perhaps you hadn’t thought about it before, but each 
leg is a large pendulum. In fact, it swings back and forth with each step, as 
illustrated in Figure 13.11 (a). The length of your leg determines both the 
period of oscillation and the length of your stride. Thus, pendulum motion 
is important in understanding your walking speed and that of other animals, 
such as the elephants shown in Figure 13.11 (b).

L

u

(a)

▲  Figure 13.11 The leg acts like a pendulum
(a) As you walk, each leg swings like a pendulum. The frequency of your steps is determined 
by the period of your leg. (b) The longer an animal’s legs, the more time it takes to complete 
one step forward. The length of each step is also greater, however. The net effect is that 
animals with longer legs have greater walking speeds.

(b)

(b)
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resonance
External forces affect objects all the time, including those that oscillate. 
Surprising things can happen, however, if an external force is applied 
repeatedly at just the right frequency.

resonance can produce large-amplitude oscillations
If you stop pushing a friend on a swing, he will soon stop oscillating. The 
energy you add with each push is needed to drive the swing and keep it 
going. Figure 13.12 shows a similar situation, a string from which a small 
weight is suspended. If the weight is set in motion and you hold your hand 
still, it will soon stop oscillating. If you move your hand back and forth 
in a horizontal direction, however, you can keep the weight oscillating 
indefinitely. The motion of your hand drives the motion of the weight. In 
general, driven oscillations are those caused by an applied force.

The response of the weight in Figure 13.12 depends on the frequency 
of the hand’s back-and-forth motion. If possible, make a simple pendu-
lum and verify this for yourself. When you move your hand very slowly, 
the weight simply tracks along with the motion of your hand. When you 
oscillate your hand rapidly, the weight exhibits only small oscillations. 
Oscillating your hand at an intermediate frequency, however, produces 
large-amplitude oscillations.

So, just what is the appropriate intermediate frequency to produce  
large oscillations? It turns out that large oscillations are produced when 
your hand drives the weight at its natural frequency. The  natural frequency  
is the frequency at which an object oscillates by itself.   A system driven at 
its natural frequency is in resonance. Systems in resonance typically have 
rather large amplitudes.

What conditions produce 
resonance?

Damping reduces the amplitude of motion.

Adding energy to the system ...

... can offset the damping.

▲  Figure 13.12 Driven oscillations
On the left, friction quickly slows, or dampens, the motion of a pendulum when the hand is 
held still. On the right, back-and-forth oscillations of the hand “drive” the pendulum, and it 
continues to swing.
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▲  Figure 13.13 Resonance
The collapse of the Tacoma Narrows Bridge is a famous example of the possible dangerous 
consequences of resonance.

resonance affects how things are designed
Resonance plays an important role in a variety of physical systems. In 
Chapter 23 you’ll learn how adjusting the tuning knob of a radio changes 
the resonance frequency of the electrical circuit in the tuner. When that 
resonance frequency matches the frequency being broadcast by a station, the 
radio picks up the broadcast.

Buildings and other structures can show resonance effects as well. One 
of the most dramatic and famous examples is the collapse of Washington’s 
Tacoma Narrows Bridge in 1940. High winds through the narrows had 
often set the bridge into a gentle swaying motion, resulting in its affectionate 
nickname, “Galloping Gertie.” During one windstorm, however, the bridge 
showed a resonance-like effect, and the amplitude of its swaying motion 
began to increase. Alarmed officials closed the bridge to traffic. A short time 
later the swaying motion became so great that the bridge broke apart and fell 
into the water below, as shown in Figure 13.13. Needless to say, bridges built 
since that time have been designed to prevent such catastrophic oscillations.

COOL Physics
The Song of the 
Spider
For a demonstration of resonance 
in nature, try this experiment 
the next time you see a spider in 
its web. Move close to the web 
and hum, starting at a low pitch. 
Slowly increase the pitch of your 
humming. Soon you will notice 
the spider react excitedly. You 
have hit the resonance frequency 
of its web. At this frequency the 
web vibrates with large ampli-
tude, and the spider thinks it has 
snagged a juicy lunch.

Principles of Physics 469

13.2  LessonCheck
Solving Problems

31.  Calculate  The chains of a swing on a playground 
swing set are 3.0 m long. What is the period of this 
swing?

32.  Calculate  How long must a pendulum be to have 
a period of 1.0 s? Assume the acceleration due to gravity 
is 9.81 m>s2.

33.  Calculate  A simple pendulum of length 2.5 m 
makes 5.0 complete swings in 16 s. What is the accelera-
tion due to gravity at the location of the pendulum?

Checking Concepts

28.   Analyze  How does the period of a pendulum 
change if the pendulum is lengthened? Explain.

29.   State  At what frequency should you drive a 
pendulum for it to be in resonance?

30.  Triple Choice  Two identical pendulums, A and 
B, are set into motion at the same location. Pendulum 
A has twice the amplitude of pendulum B. Is the aver-
age speed of the mass on pendulum A greater than, 
less than, or equal to the average speed of the mass on 
pendulum B? Explain.

Oscillations and Waves 469
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Vocabulary
• wave

• transverse wave

• longitudinal wave

• crest

• trough

• wavelength

• medium

• mechanical wave

Waves are meant to travel. Just think of ocean waves rolling up on a white 
sand beach, the sound of distant thunder, or even the twinkling light from a 
faraway star. Waves are the ultimate expression of the ripple effect.

In this lesson you will learn how oscillations produce waves, how waves 
travel, and how to determine their speed.

Wave Formation and Wave Types
Consider a group of swings in a playground swing set. Each swing by 
itself behaves like a simple pendulum. That is, each swing is an oscillator. 
Now suppose we connect the swings to one another by tying a rope from 
the seat of the first swing to its neighbor, and then another rope from the 
second swing to the third swing, and so on. When the swings are at rest—
in equilibrium—the connecting ropes have no effect. But, if you sit in the 
first swing and begin oscillating—thus disturbing the equilibrium—the 
connecting ropes cause the other swings in the set to start oscillating as well. 
You have created a traveling disturbance.

A wave is a traveling disturbance
In general, a wave is a disturbance that propagates, or is transmitted, from 
place to place, carrying energy as it travels. For example, when you feel the 
warmth of bright sunlight, you are experiencing some of the energy that 
was carried by the light waves from the Sun to the Earth. Similarly, when a 
wave hits you on the beach, you are experiencing some of the energy that is 
carried by waves moving through ocean water.

It is important to distinguish between the motion of the wave itself and 
the motion of the individual particles in the wave. For example, consider the 
surfers in Figure 13.14 (a). Those who don’t “catch the wave” simply bob 
up and down in the same location as the wave moves past them. Similarly, a 
“wave” at a ball game, shown in Figure 13.14 (b), travels rapidly around the 
stadium. Even so, the individual people making up the wave simply stand up 
and sit down in one place. The people (the “particles” in this wave) don’t run 
around the stadium.  In general, waves travel from place to place, but 
the particles in a wave oscillate back and forth about one location.

Waves and Wave  
Properties13.3

How does the motion of a 
wave differ from the motion of the 
particles making up the wave?

reading Support
Multiple Meanings of
propagate
scientific meaning: To 
transmit a disturbance 
(motion, light, sound, etc.) 
through a medium.
Sound waves from a 
loudspeaker propagate 
through the air.
common meaning: To spread 
a piece of information or  
promote an idea.
The company president 
propagated a rumor about a 
new product.

✓

 

  Figure 13.14 Wave motion versus 
particle motion
A wave moves from one location to 
another, but the particles in a wave only 
move back and forth. Here the surfers and 
the fans are the “particles.”

WALK1156_01_C13_pp452-491.indd   470 12/14/12   4:39 PM



Oscillations and Waves 471

From these simple examples it is clear that waves come in a variety of 
different forms. Let’s consider the most important types of waves.

Perpendicular motions occur in transverse waves
Waves can be categorized by the way their particles move. To see how this 
works, let’s look at the easiest type of wave to visualize, a wave on a string, as 
shown in Figure 13.15. You can generate such a wave by tying a long string 
to a wall, pulling it taut, and moving your hand up and down. This creates 
a wave that travels along the string toward the wall. If your hand moves up 
and down in simple harmonic motion, the wave on the string will have the 
shape of a sine wave.

Notice that the wave travels in the horizontal direction, even though 
your hand oscillates vertically. In fact, every point on the string oscillates 
vertically, with no horizontal motion at all. This is shown in Figure 13.16, 
which tracks the motion of an individual point on a string as a wave travels 
past. Notice that the particles in the string move at right angles to the mo-
tion of the wave. In general, a wave in which the particles oscillate at right 
angles to the direction the wave travels is called a transverse wave.

Parallel motions occur in longitudinal waves
Not all waves are transverse waves. In particular, a wave in which the 
particles oscillate parallel to the direction of propagation is called a 
longitudinal wave.

A classic example of a longitudinal wave can be created using a spring 
toy, as shown in Figure 13.17. If you have such a toy handy, stretch it out 
on the floor and oscillate one end back and forth in line with the spring. The 
“disturbance” you produce at one end travels through the spring as a series 
of compressions and expansions. Each coil of the spring moves forward 
and backward horizontally, in the same direction as the wave itself. This is a 
longitudinal wave.

Vibrate end of string to generate a wave.
Wave propagates
away from source.

v

▲  Figure 13.15 A wave on a string
Vibrating one end of the string generates a wave that travels away from its source.

Points on the string move
vertically up and down.

The wave moves horizontally, as
indicated by the position of a crest.

v

▲  Figure 13.16 The motion of a wave 
on a string
As a wave on a string moves horizontally, 
all points on the string oscillate in the 
vertical direction.

A wave of compressions and expansions
moves horizontally along the length of
the spring.

Each coil in the spring moves back
and forth horizontally, in the same
direction as the wave.

compressioncompression e x p a n s i o n e x p a n s i o n compression e x p a n s i o n

▲  Figure 13.17 A longitudinal wave on a spring toy
Oscillating one end of a spring toy back and forth produces a longitudinal wave.
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Practice Problems

34.  Concept Check   A car brakes suddenly in heavy traffic, causing 
the cars behind it to bunch up. This bunching effect moves through the 
traffic like a wave. Is this wave transverse, longitudinal, or more like a 
water wave? Explain.

35.  Concept Check   A group of students want to produce waves by 
moving back and forth, up and down, and so on. How should the stu-
dents move to make a transverse wave? How should they move to pro-
duce a longitudinal wave? Can you think of a way they could move to 
make something like a water wave?

Water waves have a combination of properties
If you drop a pebble into a pool of water, a series of concentric waves move 
away from the splash, as illustrated in Figure 13.18 (a). A floating piece of 
cork traces the motion of the water itself as the waves travel outward. Notice 
that the cork moves in a roughly circular path, as shown in Figure 13.18 (b), 
returning to its approximate starting point. Similarly, each molecule of water  
moves both vertically and horizontally as the wave travels in the horizontal 
direction. This pattern of motion indicates that a water wave is a combination  
of transverse and longitudinal waves.

As the wave propagates outward ...

... the crests and troughs form concentric
circles.

(a)   

v

(b)

▲  Figure 13.18 The motion of a water wave
(a) A pebble dropped into a pool of water creates waves that move symmetrically away from 
the disturbance. (b) A cork floating in the water (or a water molecule) moves in a roughly 
circular path as a wave travels past.
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Wave Properties and behavior
A simple wave, like the one in Figure 13.19, is a regular, rhythmic disturbance 
that travels from one location to another. The wave repeats itself both in 
space and in time. The highest points on the wave are its crests, and the 
lowest points are its troughs. The size of the crests and troughs and the 
spacing between them determine several key wave properties.

Waves have characteristic properties
The distance from one crest to the next, or from one trough to the next, is 
the repeat length, or wavelength, l, of the wave.

Definition of Wavelength, l

 l = wavelength
 = distance over which a wave repeats

SI unit: m

Similarly, a wave can also be characterized by the time required for it to 
complete one cycle. Thus, the repeat time, or period, T, of a wave is the time 
required for one wavelength to pass a given point. Just as with oscillations, 
the frequency of a wave is the inverse of the period, f = 1>T .

Waves also have amplitude, just like oscillations. The amplitude of a wave 
is the greatest displacement of the wave from the equilibrium position. Thus, 
the distance from equilibrium to a crest or to a trough is the amplitude.

Wavelength and frequency determine wave speed
Combining our observations about repeat length and repeat time, we see 
that a wave travels a distance l in the time T. Since speed is distance divided 
by time, it follows that the speed of a wave is

 speed =
wavelength

period

 v =
l

T

Recalling that frequency is the inverse of the period, f = 1>T , we can write 
the equation for the wave speed as follows:

Speed of a Wave

 speed = wavelength * frequency
 v = lf

SI units: m>s

This result applies to all waves, no matter what their type or how they are 
produced.

Earlier in this chapter you learned 
about the period, frequency, and 
amplitude of an oscillation.
•  These same terms also describe 
wave characteristics. After all, a 
wave is a traveling oscillation.

ConneCtingIdeas  

l
Crest

Equilibrium position
v

Amplitude

Troughs

D
is

pl
ac

em
en

t

  Figure 13.19 Wave characteristics
A wave repeats over a distance equal to the 
wavelength, λ. For example, the wavelength 
is the distance between two consecutive 
crests or troughs. The amplitude is the 
distance from the wave’s equilibrium 
position to its maximum displacement, 
which occurs at a crest or a trough. The 
time a wave takes to move one wavelength 
is equal to its period, T.
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Quick  Example 13.8  What’s the Wavelength?

Sound waves travel in air with a speed of 343 m>s. The frequency of the 
lowest sound you can hear is 20.0 Hz, and the frequency of the highest 
sound you can hear is 20.0 kHz. Find the wavelengths of sound waves 
having frequencies of 20.0 Hz and 20.0 kHz.

Solution
Solve v = l f  for the wavelength, l. This gives l = v> f . Next, substitute 
the given values for v and f:

 (20.0 Hz) l =
v

f

 =
343 m>s
20.0 s-1

 = 17.2 m 

 (20.0 kHz) l =
v

f

 =
343 m>s

20,000 s-1

 = 1.72 cm

Practice Problems

36.  Concept Check   How far does a wave travel in one period?

37.  A wave oscillates 4.0 times a second and has a wavelength of 3.0 m. 
What are the (a) frequency, (b) period, and (c) speed of this wave?

38.  You produce a wave by oscillating one end of a rope up and down 
2.0 times a second.
(a)  What is the frequency of this wave?
(b)  What is the period of this wave?
(c)   If the wave travels with a speed of 5.0 m>s, what is the 

wavelength?

Waves have different speeds in different materials
Waves travel at different speeds in different materials.   In fact, the speed 
of a wave is determined by the properties of the material, or medium, 
through which it travels. A medium can be any form of matter, such as air, 
water, or steel.

In general, waves travel faster in a medium that is hard or stiff. A soft or 
squishy medium results in slow-moving waves. For example, sound waves in 
air have a speed of about 343 m>s. In water, which is not as compressible as 
air, the speed of sound waves is about four times faster, or 1400 m>s. Sound 
waves travel even faster in the solid medium steel, where their speed is about 
5960 m>s. Similarly, waves in springs, strings, and ropes have speeds that 
depend on the tension force and on the mass per length.

Wave speeds also depend on other properties of a medium. For example, 
sound travels faster in warm air that it does in cool air. This is due to the 
higher speed of the warm-air molecules, as we saw in Chapter 12. The speed 
of water waves is greater in deep water than it is in shallow water. This is why 
waves approaching a beach slow down and produce surf.

Mechanical waves travel through matter. Sound waves and water waves 
are examples of mechanical waves. Other types of waves, such as radio waves 
and light waves, can travel through a vacuum. The properties of the vacuum 
determine the speed of these waves, which you’ll study in upcoming chapters.

What determines the speed 
of a wave?
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Checking Concepts

39.  Assess  A “wave” at a ballgame can be an 
exciting event. Is this wave transverse, longitudinal, or 
more like a water wave? Explain.

40.   Predict  In which medium would you expect 
the speed of sound waves to be greater, a chocolate 
candy bar or a chocolate cake? Explain.

41.  Big Idea Give everyday examples of energy 
carried by light waves, radio waves, water waves, and 
sound waves. In each case, describe how the wave’s 
energy affects its surroundings.

Solving Problems

42.  Calculate  A wave oscillates 5.0 times a second 
and has a speed of 6.0 m>s. What are the (a) frequency, 
(b) period, and (c) wavelength of this wave?

43.  Calculate  As you sit in a fishing boat, you notice 
that 12 waves pass the boat every 45 s. If the distance 
from one crest to the next is 7.5 m, what is the speed of 
these waves?

44.  Calculate  A wave moves by you with a speed of 
5.6 m>s. The distance from a crest of this wave to the 
next trough is 2.4 m. What is the frequency of the wave?
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A wave can reflect in different ways
Have you ever heard an echo? (Hello, hello, hello.) The echo is produced 
by sound waves bouncing, or reflecting, off a barrier (like a cliff face). In 
general, waves are reflected whenever they hit a barrier. How the reflection 
occurs depends on the type of barrier.

As an example, suppose a string is anchored firmly to a wall, as shown 
in Figure 13.20 (a). When you flick the free end of the string, a brief dis-
turbance, or pulse, travels toward the fixed end, where it exerts an upward 
force on the wall. The wall exerts an equal and opposite downward force to 
keep the end of the string at rest. Thus, the wall exerts a downward force on 
the string that is just the opposite of the upward force you exerted when you 
created the pulse. This causes the reflected pulse to be inverted, or upside-
down, as indicated in Figure 13.20 (a).

Another way to set up the far end of the string is shown in Figure 13.20 (b). 
In this case, the string is tied to a small ring that slides vertically with little 
friction on a vertical pole. This string still has a tension in it, but it is also 
free to move up and down.

When a pulse reaches the end of this string, it lifts the ring upward and 
then lowers it back down. In fact, the pulse flicks the far end of the string 
in the same way that you flicked the near end when you created the pulse. 
Therefore, the far end of the string simply creates a new pulse, identical to 
the first but traveling in the opposite direction.

Thus, when waves reflect from a barrier, they may or may not be inverted, 
depending on the characteristics of the barrier.

A wave pulse that
reflects from a
fixed end ...

... has the same shape as
before but is inverted.

v

v

(a)   

A wave pulse reflecting
from an end that is free
to move ...

... is not inverted.

v

v

(b)

  Figure 13.20 A wave pulse reflecting 
from a fixed or a free end
(a) A wave pulse on a string is inverted 
(turned upside-down) when it reflects 
from an end that is tied down. (b) A wave 
pulse on a string whose end is free to move 
is reflected right-side up.
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Vocabulary
• resultant wave

• principle of superposition

• constructive interference

• destructive interference

• standing wave

• node

• antinode

 
interacting Waves13.4

When air-track carts collide, they hit and bounce backward. When lumps of 
putty collide, they “smush” together into a big blob. What about waves? Well, 
when waves collide, they pass right through one another and keep going! In 
some ways, they’re like a ghost passing through a wall. This lesson explores 
the interesting behavior of interacting waves.

Superposition and interference
Whenever two or more individual waves overlap, they combine to form 
a resultant wave. The principle of superposition states that a resultant 
wave is simply the sum of the individual waves that make it up. This lesson 
explores these ideas.

Overlapping waves interact with one another
Consider two waves on a string, traveling in opposite directions as shown in 
Figure 13.21 (a). When the pulses arrive in the same region, they superpose 
and add to form a larger peak.   Waves that occupy the same space 
combine in the simplest possible way—they just add together.

A collision between waves doesn’t affect the individual waves in any way. 
In fact, the waves pass right through one another and continue on as if noth-
ing had happened. Think of listening to an orchestra with many different  
instruments playing simultaneously. Even though the sounds combine 
throughout the concert hall, you can still hear individual instruments. Each 
instrument makes its own sound as if the others were not present.

How do overlapping waves 
interact with one another?

(a) Two waves combine constructively (b) Two waves combine destructively

Constructive interferenceTi
m

e

Destructive interference

▼  Figure 13.21 Superposition of waves
Wave pulses combine (resulting in 
interference) as they pass through 
one another. Afterward, the pulses 
continue on unchanged. (a) Constructive 
interference occurs when waves add to 
give a larger amplitude. (b) Destructive 
interference occurs when waves combine 
to give a smaller amplitude.
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resultant waves can be larger or smaller
As simple as the principle of superposition is, it still leads to interesting 
consequences. For example, consider the wave pulses shown in Figure 13.21 
(a). When they combine, the resulting pulse has a larger amplitude, equal to 
the sum of the amplitudes of the individual pulses. Whenever waves combine 
to form a larger wave, the result is referred to as constructive interference.

On the other hand, two pulses like those in Figure 13.21 (b) may com-
bine. When this happens, the positive displacement of one wave adds to the 
negative displacement of the other to create a net displacement of zero. That 
is, the pulses momentarily cancel one another. When waves superpose to 
form a smaller wave, the result is referred to as destructive interference.

Recall that waves are not changed when they pass through one another. 
This is true in both constructive and destructive interference. For example, 
in Figure 13.21 (b) the wave pulses continue on unchanged after they 
interact. This makes sense from an energy point of view. Each wave carries 
energy, and that energy cannot simply vanish.

cONcEPTuAL  Example 13.9  What’s the Amplitude?

Since waves add, is the resultant wave always larger than the individual 
waves that combine?

reasoning and Discussion
The resultant wave is the sum of the individual waves, so it would seem 
that the resultant should be larger. However, the individual waves are 
sometimes positive and sometimes negative. For example, if wave 1 is 
positive at a given time, and wave 2 is negative, the sum of the two waves 
can be small or even zero. Thus, the resultant wave can be smaller than 
the individual waves.

Answer
No. The resultant wave can be smaller than the individual waves.

Practice Problems

45.  Draw the resultant wave for (a) the two waves shown in 
Figure 13.22 (a) and (b) the two waves shown in Figure 13.22 (b).

(a) (b)

(a) (b)

▲  Figure 13.22 

46.  Two wave pulses on a string approach one another at the time 
t = 0, as shown in Figure 13.23. Each pulse moves with a speed 
of 1.0 m>s. Make a careful sketch of the resultant wave at the times 
t = 1.0 s, 2.0 s, 2.5 s, 3.0 s, and 4.0 s.

x
0 2.0 m 4.0 m 6.0 m 8.0 m

1.0 m/s 1.0 m/s

Pulse 1 Pulse 2

▲  Figure 13.23 
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interacting waves can form interference patterns
Interference effects are not limited to waves on a string. In fact, interference 
is one of the key characteristics that define waves. In general, when 
waves combine, they form interference patterns that include regions of 
constructive interference and regions of destructive interference.

An example of an interference pattern is shown in Figure 13.24. Here 
we see the superposition of two circular waves. Notice the light and dark 
“rays” radiating outward in this interference pattern. The light areas are 
where wave crests meet, which means the waves are in phase. This produces 
constructive interference. The dark areas are places where the waves are out 
of phase; that is, where a wave crest meets a wave trough. These are regions 
of destructive interference.

The interference pattern in Figure 13.24 is often referred to as a moiré 
pattern. You can create a moiré pattern by overlapping two repeating pat-
terns. Figure 13.25 shows how a slight displacement of one pattern from 
another creates an intriguing moiré pattern.

       Physics &       You: Technology    Destructive interference is used to 
reduce noise in factories, busy offices, and even airplane cabins. The process, 
referred to as active noise reduction (ANR), begins with a microphone that 
picks up the noise to be reduced. The signal from the microphone is then 
inverted and sent to a speaker. As a result, the speaker emits sound that is 
the opposite of the incoming noise—in effect, the speaker produces “anti-
noise.” In this way, the noise is actively canceled by destructive interference.

Standing Waves
If you’ve ever plucked a guitar string, you have produced a standing wave. 
In general, a standing wave is a wave that oscillates in a fixed location. The 
wave is said to be “standing” because its location does not change.

Specific points along a standing wave do not move
Consider a string of length L that is tied down at both ends, as shown in 
Figure 13.26. If you pluck this string in the middle, it vibrates and forms 
a standing wave, as shown in Figure 13.26 (a). This is referred to as the 
fundamental mode of vibration for this string. It is also called the first 
harmonic. The string assumes a wavelike shape, but the wave stays in the 
same place. The fundamental mode corresponds to half a wavelength of a 
usual wave on a string.

Notice that the ends of the plucked string are fixed and do not move. 
Points on a standing wave that do not move are called nodes. Halfway 
between any two nodes is a point of maximum displacement known as an 
antinode. The first harmonic consists of two nodes (N) and one antinode 
(A) in the sequence N-A-N. This is illustrated in Figure 13.26 (a).

Certain frequencies produce standing waves
You can think of the first harmonic as being formed by a wave that reflects 
back and forth between the fixed ends of a string.   When the frequency 
is just right, the reflected waves interfere constructively and the standing 
wave is formed. All standing waves are the result of interference. If the 
frequency differs from the first-harmonic frequency, the reflections result in 
destructive interference and a standing wave does not form.

How does a standing wave 
form?

Constructive interference occurs along
this line, where crest meets crest.

Destructive interference occurs along
this line, where crest meets trough.

▲  Figure 13.24 The interference of 
circular waves
Two circular waves whose centers are 
offset produce an interference pattern. 
The light areas correspond to constructive 
interference, and the dark areas correspond 
to destructive interference.

▲  Figure 13.25 Moiré patterns
A moiré pattern is similar to an 
interference pattern formed by waves.
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The wavelength and frequency of the first harmonic can be calculated 
from the length of the string, L, and the speed of the waves on the string, v, 
as follows:

First Harmonic of a Standing Wave on a String

 wavelength = 2(string length)
 l1 = 2L

SI unit of l1: m

 frequency =
wave speed

2(string length)

 f1 =
v

2L

SI unit of f1: Hz = cycles>s = s-1

However, the fundamental mode, described above, is not the only standing 
wave that can exist on a string.

Harmonics   A given string has an infinite number of standing wave 
modes—or harmonics. For example, the second harmonic is shown in 
Figure 13.26 (b). Notice that its sequence of nodes and antinodes is 
N-A-N-A-N, which has one more antinode (A) and one more node (N) than 
the first harmonic. Adding one more antinode and node yields the third 
harmonic, N-A-N-A-N-A-N, as shown in Figure 13.26 (c). The frequency 
of the second harmonic is twice the frequency of the first harmonic, and the 
frequency of the third harmonic is three times that of the first. This pattern 
continues for all higher harmonics.

L

(a) First harmonic (fundamental) (b) Second harmonic

N A N NNA N N N NA A AAN

(c) Third harmonic

▲  Figure 13.26 Standing waves and harmonics
(a) When a string is tied down at both ends and plucked in the middle, a standing wave 
results. This is the string’s fundamental mode of oscillation, or first harmonic. The wavelength 
in this case is 2L. (b) The second harmonic consists of two half-wavelength segments with a 
node in the middle. In this case the wavelength is L. (c) The third harmonic consists of three 
half-wavelength segments separated by two nodes. In this case the wavelength is 2L>3. For 
each next higher harmonic, an additional half wavelength is added to the standing wave.
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Practice Problems

47.  Follow-up   Suppose the waves have a speed of 22.0 m>s rather 
than 20.3 m>s. What is the frequency of the first harmonic in this case?

48.  Concept Check   A guitar string plays flat—that is, its frequency 
of oscillation is lower than desired. To get the string in tune, should you 
increase or decrease the speed of waves on the string? Explain.

Picture the Problem
Our sketch shows the string oscillating in its first harmonic 
mode. Also indicated is the length of the string.

Strategy
(a) Only half a wavelength fits on a string oscillating in its 
first harmonic mode. Therefore, the wavelength of the first 
harmonic is twice the length of the string.
(b) The frequency, speed, and length are related by the formula 
f1 = v>2L. We can rearrange this formula to solve for the 
speed, v. The other quantities in the formula are given in the 
problem statement.

A string 1.30 m in length is oscillating in its first harmonic mode. The frequency of 
oscillation is 7.80 Hz. (a) What is the wavelength of the first harmonic? (b) What is 
the speed of waves on this string?

GuiDED  Example 13.10   |  it’s Fundamental Standing Waves

Insight
Higher harmonics have higher frequencies, but the speed of the waves is the same for  
all harmonics.

Known
 L = 1.30 m
 f1 = 7.80 Hz

 f1 = v>2L

  v = 2Lf1

Solution
Part (a)

Part (b)

L

 l1 = 2L

 = 2(1.30 m)

 = 2.60 m

 v = 2Lf1

 = 2(1.30 m)(7.80 Hz)

 = 20.3 m>s

Unknown
(a)   l = ?
(b)   v = ?

The wavelength of the first harmonic is twice the 
string length :1

Substitute the given numerical values :3

Solve f1 = v>2L for the speed, v :2 Math HELP
Solving Simple 

Equations
See Math 
review, 

Section iii
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The length of a musical instrument  
determines its frequency range
When you pluck a guitar string, it vibrates primarily in its fundamental 
mode, the first harmonic. Higher harmonics make only small contributions 
to the sound produced. The same is true of the strings in a piano, a violin, 
and other string instruments. It follows that notes of different frequency, 
or pitch, can be produced by using strings of different length. To see the 
connection, recall that the first-harmonic frequency for a string of length 
L is f1 = v>2L. Assuming that all other variables remain the same, longer 
strings (larger L) produce lower frequencies and shorter strings 
(smaller L) produce higher frequencies.

This fact accounts for the general shape of a piano, shown in 
Figure 13.27. Notice that the strings shorten toward the right side 
of the piano, where the notes are of higher frequency. Similarly, a 
violin is smaller than a cello, which is smaller than a double bass, 
as you can see in Figure 13.28. As a result, the frequency range 
of the violin is higher than that of the cello, and the double bass 
produces the lowest frequencies of all. Take a look at the instru-
ments in your school band, and see if you can detect a connection 
between the size of the instrument and the pitch of the notes it 
plays. Physics is truly all around us!

Oscillations and Waves 481

▲  Figure 13.27 The shape of a piano
The shape of a piano is a reflection of its function, not a stylistic expression. The long strings 
on the left side of a piano produce low notes, and the short strings on the right side produce 
high notes.

  Figure 13.28 A range of string instruments
The frequency range of a musical instrument is directly related to 
the instrument's size. For example, the violin, the cello, and the 
double bass are similar in construction—they differ mainly in size. 
The smallest of these string instruments, the violin, has the highest 
frequency range, producing notes with frequencies from 196 Hz to 
4200 Hz. Next in size is the cello, with a frequency range of 65 Hz  
to 988 Hz. The largest instrument, the double bass, produces 
frequencies in the range from 41 Hz to 245 Hz. Notice that the 
highest note of the double bass has only a slightly higher frequency 
than the lowest note of the violin.
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13.4  LessonCheck
Checking Concepts

49.   Apply  Two identical wave pulses with posi-
tive displacement head toward each other from oppo-
site directions. Describe the resultant wave that forms 
when the pulses meet.

50.   Critique  A classmate states that a standing 
wave involves both constructive and destructive inter-
ference. Is the classmate correct? Explain.

51.  Cite  Give two everyday examples of standing 
waves and describe how they form.

52.  Assess  Do higher harmonics always have greater 
frequencies than lower harmonics? Explain.

Solving Problems

53.  Calculate  A guitar string 66 cm long vibrates with 
a standing wave that has two antinodes.
(a)  Which harmonic is this?
(b)  What is the wavelength of this wave?

54.  Evaluate  A 0.33-m string is tied to a wall at either 
end. Which of the following wavelengths produces a 
standing wave on this string?

Wavelength 
1

Wavelength 
2

Wavelength 
3

Wavelength 
4

0.22 m 0.33 m 0.44 m 0.66 m

55.  Calculate  A string is tied to a wall at either end. 
If the wavelength of the first harmonic on this string is 
0.65 m, what is the separation between the walls?

482  Chapter 13 • Lesson 13.4 

The frets on a guitar are not equally spaced
Two full octaves of notes and more can be produced on a single guitar 
string. Different notes are produced by pressing the string down against 
frets to effectively change its length. It might seem surprising at first, but 
the separation between frets is not uniform, as you can see in Figure 13.29. 
There’s a good reason for this. In order to produce the notes of a standard 
musical scale, it is necessary that each fret going down the neck of a guitar 
shorten the string by 6% compared with the previous fret. But 6% of a long 
string is a greater length than 6% of a short string. Therefore, the frets have a 
greater spacing at the top of the neck, where the string is longest.

L/2

First
octave
above
fundamental

L/4

Second
octave

L

  Figure 13.29 Frets on a guitar
The thin metal bars that run across the 
neck of a guitar are the frets. Pressing 
a string down onto a fret changes the 
length of the string that is vibrating, which 
also changes the pitch of the sound. For 
example, to go up one octave from the 
fundamental mode, the effective length 
of a guitar string must be halved. To rise 
one more octave, it is necessary to halve 
the length of the string again. Thus, the 
distance between frets is not uniform; they 
are more closely spaced near the base of 
the neck.

WALK1156_01_C13_pp452-491.indd   482 12/14/12   4:40 PM



Take It Further 

  The mass  of  the 
5.5-m-diameter  
pendulum bob   
is 660,000 kg.

 483

When Was It Invented? Naval engineers 
began using so-called resonant vibration 
absorbers in the early twentieth century 
to reduce the rolling motion of ships. 
Application of the technology to skyscrapers 
began in the 1960s when the reduced use 
of masonry building materials made new 
buildings more flexible.

How Does It Work? Winds cause 
skyscrapers to sway back and forth. The 
period of the swaying motion is determined 
by a building’s shape, mass, and flexibility. 
Large oscillations can occur if the wind exerts 
a force at the building’s natural frequency.

The 509-m-tall Taipei 101 skyscraper in 
Taiwan, Republic of China, is one of the 
world’s tallest buildings. It contains a giant 
pendulum to oppose swaying motion. 
The period of the pendulum was “tuned“ 
to match the building’s natural frequency. 
When wind pushes the building in one 
direction, the pendulum swings in the 
opposite direction. Reaction forces from 
the pendulum’s motion act on the building, 
opposing the wind force and thereby 
reducing the amplitude of the swaying.

The reaction forces are transmitted to the 
building through the pendulum pivot and 
several piston-type shock absorbers that 
connect the pendulum bob and the building. 
These shock absorbers absorb energy and 
control the amplitude of the pendulum. 
Softer shock absorbers allow for larger 
amplitudes and greater damping. Of course, 
the shock absorbers cannot be so soft as to 

Tuned mass damper

  The tuned 
mass damper is 
mounted near the 
top of the building.

1. Analysis The Taipei 101 building has 
101 floors, and the height of the top floor is 
about 440 m. The mass of the 5.5-m-diameter 
pendulum bob is 660,000 kg. The pendulum 
extends down through four floors. Use the 
formula T = 2p1L>g to estimate the period 
of this pendulum.

2. Research Look up vortex shedding to 
see how a steady constant wind can interact with 
a building to produce the time-varying force that 
drives resonant swaying.

Tuned Mass Damper
What Is It?  Installed near the top of a skyscraper, a tuned mass damper (TMD) is a large mass 
that oscillates horizontally with simple harmonic motion. Its purpose is to reduce, or dampen, the 
swaying motion caused by wind. Without a damper, the top of a building that was 500 m 
tall could sway back and forth up to 1 m in each direction.

allow the pendulum to batter the building. 
Even though the mass of the TMD is a tiny 
fraction of the building’s total mass, it is able 
to reduce swaying by up to 40%.

Why Is It Important? Even a gentle 
swaying motion can cause people on the 
upper floors of a skyscraper to suffer motion 
sickness. Large-amplitude swaying motion 
over a long period of time could fatigue 
a building’s steel structure and lead to a 
sudden collapse.

Physics & You
How Things Work

The 509-m-tall
Taipei 101 skyscraper.
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Physics Lab

Analysis
1. Describe how a standing wave forms on the spring.
2. Calculate the frequency of each harmonic. The 
frequency equals the number of complete cycles 
divided by the time needed to form them. Record your 
results in the data table.
3. Calculate the wavelength of each harmonic. The 
wavelength is determined using the length of the 
stretched spring and the number of half wavelengths. 
Record your results in the data table.
4. Use the wave speed equation to calculate the wave 
speed of each harmonic.

This lab explores the harmonic modes of 
vibration of a stretched coiled spring. You will use 
experimental data and observations to discover 
the properties of standing waves and make 
predictions about harmonics.

Standing Waves on a Coiled Spring
Materials
• coiled spring
• meterstick

• stopwatch
• masking tape

Procedure
1. Place the spring on the floor and stretch it between 
yourself and your lab partner. The length of the 
stretched spring should be between 2 and 3 m.
Caution:  Do not overstretch the spring or release it 
once it has been stretched.
2. Place masking tape on the floor at each end of the 
stretched spring. Keep the spring stretched between 
these marks throughout the experiment. Measure and 
record the length of the stretched spring.
3. Generate waves by holding one end of the spring 
in place and moving the other end side to side at a 

constant rate. Adjust the frequency of oscillation until 
the first harmonic is produced. The first harmonic has 
a single antinode.
4. Use a stopwatch to measure the time needed to 
complete 20 waves (back-and-forth cycles) of the 
spring at the first harmonic. Record the time, and 
sketch the shape of the spring.
5. Repeat Steps 3 and 4 while increasing the frequency 
of oscillation until the second harmonic is produced. 
The second harmonic has two antinodes.
6. Repeat Step 5 for the third, fourth, and fifth 
harmonics.

Conclusions
1. What effect does increasing the frequency have on 
the wavelength of standing waves?
2. How does the number of half wavelengths change 
between successive harmonics?
3. Will any frequency of oscillation produce a standing 
wave on a given length of spring? Explain your answer.
4. Predict the wavelength and frequency of the 
sixth harmonic (for the length of spring used in this 
experiment).
5. Predict what would happen to the wavelengths, 
frequencies, and wave speeds if the ends of the spring 
remained at the same place on the floor but the 
tension in the spring increased.

Data Table

Length of stretched spring _____________

Harmonic Sketch of Wave  
Shape

Number of Half 
Wavelengths

Time for 20 
Cycles (s)

Frequency 
(Hz)

Wavelength 
(m)

Wave Speed  
(m>s)

First       

Second       
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13.3 Waves and Wave Properties

 In general, waves travel from place to place, but the par-
ticles in a wave oscillate back and forth at one location.

 The speed of a wave is determined by the properties of 
the material, or medium, through which it travels.
• A wave is a traveling oscillation that carries energy.
• The distance from one crest to the next, or from one trough 
to the next, is the wavelength, λ, of the wave.
l = wavelength = distance over which a wave repeats

• In a transverse wave the individual particles move at right 
angles to the direction of the wave motion.
• In a longitudinal wave the individual particles move in the 
same direction as the wave motion.

Key Equation
Speed of a wave with wavelength λ and frequency ƒ:
 v = lf

13.4 interacting Waves
 Waves that occupy the same space combine in the 

simplest possible way—they just add together.
 When the frequency of waves reflecting back and forth 

between fixed ends of a string is just right, the waves con-
structively interfere and a standing wave is formed. All stand-
ing waves are the result of interference.
• Waves that add to give a larger resultant wave show con-
structive interference.
• Waves that add to give a smaller resultant wave show de-
structive interference.
• Standing waves oscillate in a fixed location.

Key Equations
The wavelength and frequency of the first harmonic for a 
standing wave on a string:

 l1 = 2L    f1 =
v

2L

Waves are traveling  
oscillations that carry  
energy.

Big Idea It takes energy to create an oscillation, like 
the push needed to start a person mov-
ing on a swing. In a wave, the oscillations 
that start at one location move to other 
locations with a speed determined by the 

properties of the medium through which 
the wave travels. The energy carried by a 
wave might heat the Earth (light), erode a 
beach (water waves), or shatter a drinking 
glass (sound).

13.1 Oscillations and Periodic Motion
 Frequency is calculated by taking the inverse of the 

period.
 Simple harmonic motion occurs when the restoring 

force is proportional to the displacement from equilibrium.
 The period of a mass on a spring varies inversely with 

the spring constant. The period of a mass on a spring varies 
directly with the mass.
• In general, any motion that repeats itself over and over is 
referred to as periodic motion.
• The period of a mass on a spring depends on both the mass 
and the spring constant.

Key Equations
The period is the time required for a motion to repeat:
 T = time to complete a periodic motion

The frequency is the inverse of the period:
 f = 1>T
The period of a mass m on a spring with a spring constant k:

 T = 2pAm

k

13.2 The Pendulum
 The period of a pendulum depends on its length and on 

the acceleration due to gravity.
 A system driven at its natural frequency is in resonance.

• A simple pendulum is a mass attached to the end of a 
string.
• The natural frequency of an oscillating system is the 
frequency at which it oscillates when free from external 
disturbances.

Key Equation
Period of a pendulum of length L:

 T = 2pAL
g
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13 Assessment
AnSWErS TO SELECTED ODD-nuMbErED PrObLEMS APPEAr in APPEnDix A.

Lesson by Lesson
13.1 Oscillations and Periodic Motion
Conceptual Questions
56. Would the period of a mass–spring system be different 

on the Moon than it is on the Earth? Explain.
57. A mass on a spring moves back and forth in simple 

harmonic motion with amplitude A and period T. In 
terms of T, how long does it take for the mass to move 
through a total distance of 3A?

58. rank   Rank the following mass–spring systems in order 
of increasing period of oscillation, indicating any ties. 
System A consists of a mass m attached to a spring with 
a spring constant k; system B has a mass 2m attached 
to a spring with a spring constant k; system C has a 
mass 3m attached to a spring with a spring constant 6k; 
and system D has a mass m attached to a spring with a 
spring constant 4k.

59. Predict & Explain   An old car with worn-out shock 
absorbers oscillates with a given frequency when it 
hits a speed bump. (a) If the driver takes on two more 
passengers and hits another speed bump, is the car’s 
frequency of oscillation greater than, less than, or equal 
to what it was before? (b) Choose the best explanation 
from among the following:

 A. Increasing the mass on a spring increases its period 
and thus decreases its frequency.

 b. The frequency depends on the spring constant of the 
spring but is independent of the mass.

 C. Adding mass makes the spring oscillate more rapidly, 
which increases the frequency.

Problem Solving
60. A person in a rocking chair completes 12 cycles in 21 s. 

What are the period and frequency of the rocking motion?
61. While fishing for catfish, a fisherman suddenly notices 

that the bobber (a floating device) attached to his line is 
bobbing up and down with a frequency of 2.6 Hz. What 
is the period of the bobber’s motion?

62. Tuning Forks in neurology   Tuning forks are used to 
diagnose a nervous system disorder that has reduced 
sensitivity to vibrations as a symptom. The medical 
tuning fork in Figure 13.30 has a frequency of 128 Hz. 
What is its period of oscillation?

63. If you dribble a basketball with a frequency of 1.8 Hz, 
how long does it take for you to complete 12 dribbles?

64. You take your pulse and observe 74 heartbeats in a 
minute. What are the period and frequency of your 
heartbeat?

65. A plot of force versus length for a given spring is 
presented in Figure 13.31. (a) What is the spring constant 
for this spring? (b) What is the period of oscillation when 
a 0.10-kg mass is attached to this spring?

For instructor-assigned homework, go to www.masteringphysics.com

Figure 13.30  A neurological hammer with a tuning fork.
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66. A 0.46-kg mass attached to a spring undergoes simple 
harmonic motion with a period of 0.77 s. What is the 
spring constant of the spring?

67. Think & Calculate   (a) Your heart beats with a 
frequency of 1.45 Hz. How many beats occur in a 
minute? (b) If the frequency of your heartbeat increases, 
will the number of beats in a minute increase, decrease, 
or stay the same? (c) How many beats occur in a minute 
if the frequency increases to 1.55 Hz?

68. When a 0.50-kg mass is attached to a vertical spring, 
the spring stretches by 15 cm. How much mass must 
be attached to the spring to result in a 0.75-s period of 
oscillation?

13.2 The Pendulum
Conceptual Questions
69. A pendulum swings back and forth. How many times 

does it pass through the equilibrium position during 
one cycle of its motion? Assume the cycle begins when 
the pendulum is at maximum displacement from 
equilibrium.
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13 oscillations in 110 s. What is the length of the 
pendulum? Assume g = 9.81 m>s2.

77. A simple pendulum of length 2.5 m makes 5.0 complete 
swings in 16 s. What is the acceleration due to gravity at 
the location of the pendulum?

78. Find the length of a simple pendulum that has a period 
of 2.00 s. Assume g = 9.81 m>s2.

79. A seconds pendulum is one that passes through its 
equilibrium position once every 1.000 s. (a) What 
is the period of a seconds pendulum? (b) A seconds 
pendulum in Chicago has a length of 0.9933 m. What is 
the acceleration due to gravity in Chicago?

80. united nations Pendulum   A large pendulum swings 
in the lobby of the United Nations building in New York 
City. The pendulum has a 91-kg gold-plated bob and a 
length of 22.9 m. How much time does it take for the 
bob to swing from its maximum displacement to its 
equilibrium position? Assume g = 9.81 m>s2.

81. A fan at a baseball game notices that the radio 
commentators have lowered a microphone from their 
booth to just a few centimeters above the ground, as 
shown in Figure 13.33. The field-level microphone 
slowly swings like a simple pendulum. If the 
microphone completes 10 oscillations in 60.0 s, how 
high above the field is the radio booth?

70. A pendulum of length L has a period T. How must the 
length of the pendulum change in order to triple its 
period to 3T? Give your answer in terms of L.

71. Triple Choice   Pendulum A has a length L and a mass 
m. Pendulum B has a length L and a mass 2m. Is the 
period of pendulum A greater than, less than, or equal 
to the period of pendulum B? Explain.

72. Triple Choice   Billie releases the bob of her pendulum 
at an angle of 108 from the vertical. At the same time, 
Bobby releases the bob of his pendulum at an angle of 
208 from the vertical. The two pendulums have the same 
length. Does Billie’s bob reach the vertical position 
before, after, or at the same time as Bobby’s bob? 
Explain.

73. Metronomes, such as the penguin shown in Figure 13.32, 
are useful devices for music students. If a student wants 
to have the penguin metronome tick with a greater 
frequency, should she move the penguin’s bow tie weight 
upward or downward? Explain.

13.3 Waves and Wave Properties
Conceptual Questions
82. How much time is required for a wave to travel two 

wavelengths?
83. Red light has a longer wavelength than violet light, but 

the waves of both have the same speed. Which light 
waves have the greater frequency?

84. Is it possible for fans at baseball game to produce a 
longitudinal “wave”? If so, explain how the fans might 
move their bodies to accomplish this.

85. In a classic TV commercial, a group of cats feed from 
bowls of cat food that are lined up side by side. Initially 
there is one cat for each bowl. When an additional cat 
is added to the scene, it runs to a bowl at the end of the 
line and begins to eat. The cat that was there originally 
moves to the next bowl, displacing that cat, which moves 
to the next bowl, and so on down the line. What type of 
wave have the cats created? Explain.

74. Predict & Explain   A grandfather clock keeps perfect 
time at sea level. (a) If the clock is taken to a ski lodge at 
the top of a nearby mountain, do you expect it to keep 
correct time, run slow, or run fast? (b) Choose the best 
explanation from among the following:

 A. Gravity is weaker at the top of the mountain, leading 
to a greater period of oscillation.

 b. The length of the pendulum is unchanged, and 
therefore its period remains the same.

 C. The extra gravity from the mass of the mountain 
causes the period to decrease.

Problem Solving
75. A pendulum oscillates with a frequency of 0.24 Hz. 

What is its length?
76. A pendulum in the service shaft of a building is used by 

a physics class for experiments. The shaft is dark, and 
the top of the pendulum cannot be seen. The bob of 
the pendulum is visible, and it is observed to complete 

Figure 13.33 

Figure 13.32
How do you like my tie?
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 95. A string 1 m in length is tied down at both ends. The 
three lowest-frequency standing waves on this string 
have frequencies of 100 Hz, 200 Hz, and 300 Hz. (a) What 
is the fundamental frequency of this string? (b) What is 
the wavelength of the fundamental mode?

Problem Solving
 96. The speed of waves on a string that is tied down at both 

ends is 32 m>s. If the fundamental frequency for this 
string is 65 Hz, what is the length of the string?

 97. The first harmonic of a string tied down at both ends has 
a frequency of 26 Hz. If the length of the string is 0.83 m, 
what is the speed of waves on the string?

 98. Think & Calculate   A string tied down at both ends has 
a length of 0.64 m, and its first harmonic has a frequency 
of 41 Hz. (a) If the length of the string is increased while 
all other variables are kept the same, does the first-
harmonic frequency increase, decrease, or stay the same?  
Explain. (b) Calculate the first-harmonic frequency for 
this string if its length is increased to 0.88 m.

 99. Two wave pulses on a string approach one another at the 
time t = 0, as shown in Figure 13.37. Each pulse moves 
with a speed of 1.0 m>s. Make a careful sketch of the 
resultant wave at the times t = 1.0 s, 2.0 s, 2.5 s, 3.0 s, 
and 4.0 s.

 86. rank   The three waves on strings, A, B, and C, shown in 
Figure 13.34 move to the right with equal speeds. Rank 
the waves in order of (a) increasing frequency and (b) 
increasing wavelength, indicating any ties.

100. Suppose pulse 2 in Problem 99 is inverted so that it has 
a downward deflection. Sketch the resultant wave at the 
given times for this case.

 94. Sketch the resultant wave that is produced by the two 
waves in Figure 13.36.

Problem Solving
 87. You dip your finger into the water of a pond twice a 

second. The waves you produce have crests that are 
separated by 0.18 m. Determine the frequency, period, 
wavelength, and speed of these waves.

 88. A wave travels along a stretched horizontal rope. The 
vertical distance from crest to trough of this wave is 
13 cm and the horizontal distance from crest to trough 
is 28 cm. What are (a) the wavelength and (b) the 
amplitude of this wave?

 89. A surfer floating beyond the breakers notes 14 waves per 
minute passing her position. If the wavelength of these 
waves is 34 m, what is their speed?

 90. Tsunami  A tsunami (tidal wave) traveling across deep 
water can have a speed of 750 km>h and a wavelength of 
310 km. What is the frequency of such a wave?

 91. The speed of water waves decreases as the water becomes 
shallower. Suppose waves travel across the surface of a 
lake with a speed of 2.0 m>s and a wavelength of 1.5 m. 
When these waves move into a shallower part of the 
lake, their speed decreases to 1.6 m>s, though their 
frequency remains the same. Find the wavelength of the 
waves in the shallower water.

 92. While sitting on a dock of the bay, you notice a series 
of waves going past. You observe that 11 waves go past 
you in 45 s and that the distance from one crest to the 
next trough is 3.0 m. Find the (a) period, (b) frequency, 
(c) wavelength, and (d) speed of these waves.

13.4 interacting Waves
Conceptual Questions
 93. Which of the waves in Figure 13.35—blue, green, or 

red—is the resultant of the other two waves?

A B C

Figure 13.34 

Figure 13.35 
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2

Figure 13.36 
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Figure 13.37 
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 C. The forces exerted by the two springs on block 2 
partially cancel one another, leading to a longer period 
of oscillation.

101. A guitar string 66 cm long vibrates with a standing wave 
that has three antinodes. (a) Which harmonic is this? 
(b) What is the wavelength of this wave?

Mixed review
102. An object undergoes simple harmonic motion with a 

period of 2.0 s. In 3.0 s the object moves through a total 
distance of 24 cm. What is the object’s amplitude of 
motion?

103. using a bMMD  An astronaut uses a body mass 
measurement device (BMMD; see page 460 for more 
information) to determine her mass. What is the 
astronaut’s mass, given that the spring constant of the 
BMMD is 2600 N>m and the period of oscillation is 
0.85 s?

104. Sunspots  Galileo made the first European observations 
of sunspots in 1610, and daily observations were begun 
in Zurich in 1749. The number of sunspots varies from 
year to year, but the counts exhibit a roughly 11-year 
cycle. What is the frequency of the sunspot cycle? Give 
your answer in hertz.

105. Helioseismology  In 1962 physicists at Cal Tech 
discovered that the surface of the Sun vibrates as a 
result of the violent nuclear reactions within its core. 
This discovery led to a new field of science known 
as helioseismology. A typical vibration is shown in 
Figure 13.38; it has a period of 5.7 min. The blue 
regions are moving outward while the red regions are 
moving inward. Find the frequency of this vibration.

107. A standing wave with a frequency of 603 Hz is produced 
on a string that is 1.33 m long and fixed at both ends. If 
the speed of waves on this string is 402 m>s, how many 
antinodes are there in the standing wave?

108. Figure 13.40 shows a displacement-versus-time graph of 
the periodic motion of a 3.8-kg mass on a spring.  
(a) Referring to the figure, what is the period of motion? 
(b) What is the amplitude of motion? (c) Calculate the 
spring constant of this spring.

106. Predict & Explain   The two blocks in Figure 13.39 
have the same mass, m. All the springs have the same 
spring constant, k, and are at their equilibrium length. 
(a) When the blocks are set into oscillation, is the period 
of block 1 greater than, less than, or equal to the period 
of block 2? (b) Choose the best explanation from among 
the following:

 A. Springs in parallel are stiffer than springs in series; 
therefore the period of block 1 is smaller than the period 
of block 2.

 b. The two blocks experience the same restoring force 
for a given displacement from equilibrium, and thus 
they have equal periods of oscillation.

Figure 13.38 A typical vibration pattern of the Sun’s 
surface.
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109. Think & Calculate   A 3.8-kg mass on a spring oscillates 
as shown in the displacement-versus-time graph in 
Figure 13.39. (a) Referring to the graph, at what times 
between t = 0 and t = 6 s does the mass experience 
a force of maximum magnitude? Explain. (b) At what 
times shown in the graph does the mass experience 
zero force? Explain. (c) Calculate the magnitude of the 
maximum force exerted on the mass.

110. A 0.45-kg crow lands on a slender branch and bobs up 
and down with a period of 1.4 s. An eagle flies to the 
same branch, scaring the crow away, and lands. The 
eagle bobs up and down with a period of 3.6 s. Treating 
the branch as an ideal spring, find (a) the effective 
spring constant of the branch and (b) the mass of the 
eagle.
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114. What is the temperature (in degrees Fahrenheit) if a 
cricket is observed to give 35 chirps in 13 s?

  A.  13  C.  74

  B.  35  D.  90

115. What is the frequency of the cricket’s chirping (in hertz) 
when the temperature is 68 °F?

  A.  0.45  C.  5.2

  B.  2.2  D.  29

111. Think & Calculate   The string of the pendulum shown 
in Figure 13.41 is stopped by a peg when the bob swings 
to the left, but moves freely when the bob swings to 
the right. (a) Is the period of this pendulum greater 
than, less than, or the same as the period of the same 
pendulum without the peg? (b) Express the period of 
this pendulum in terms of L and /. (c) Evaluate your 
expression from part (b) for the case where L = 1.0 m 
and / = 0.25 m.

L

Peg
�

Figure 13.41 

Writing about Science
112. Research the technology used in quartz digital watches. 

Your report should address questions such as the 
following: How big are the quartz crystals? Why are 
quartz crystals more accurate than pendulums and 
springs? When were the first quartz watches made, and 
who developed them?

113. Connect to the Big Idea   A particularly interesting 
example of waves and resonance involves a singer who 
can use her voice to shatter a glass. Write a step-by-step 
description of how this happens. Be sure to discuss 
how the sound forms, travels, and is able to shatter the 
glass. What determines the “right note” for a particular 
glass?

Figure 13.42 The snowy tree cricket.
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read, reason, and respond
  A Cricket Thermometer  Insects are ectothermic; 

that is, their body temperature is largely determined 
by the temperature of their surroundings. One of the 
most interesting effects of this characteristic is the 
temperature dependence of the chirp rate of certain 
insects. A particularly precise connection between chirp 
rate and temperature is found in the snowy tree cricket 
(Oecanthus fultoni Walker), shown in Figure 13.42. This 
type of cricket chirps at a rate that follows the formula 
N = T - 39. In this expression, N is the number 
of chirps in 13 s, and T is the numerical value of the 
temperature in degrees Fahrenheit. This formula, which 
is known as Dolbear’s law, is plotted in Figure 13.43 
(green line) along with data points (blue dots) for the 
snowy tree cricket.
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Multiple Choice

Use the graph below to answer Questions 1 and 2. The 
graph plots the position of an oscillator versus time.

 5. Which statement about the first harmonic of a 
standing wave on a string is correct?
(A) The wave has a node at one end and an anti-

node at the other end.
(B) The wavelength of the wave is twice the length 

of the string.
(C) The wave has an antinode at both ends.
(D) The wavelength of the wave is equal to the 

length of the string.

 6. A string with a length of 0.75 m is tied down at 
both ends. The frequency of the first harmonic on 
this string is 2.4 Hz. What are the period of the first 
harmonic and the speed of the waves on the string?
(A) period = 0.42 s, speed = 3.6 m>s
(B) period = 0.75 s, speed = 2.4 m>s
(C) period = 1.3 s, speed = 1.9 m>s
(D) period = 2.4 s, speed = 1.7 m>s

 7. What happens when a mechanical wave travels 
from a “faster” medium (where the wave speed is 
greater) to a “slower” medium?
(A) Wavelength and frequency decrease.
(B) Wavelength and frequency increase.
(C) Wavelength increases, and frequency 

decreases.
(D) Wavelength decreases, and frequency does not 

change.

Extended Response
 8. Describe how you would set up an experiment to 

determine a value of g using an oscillator, specify-
ing (a) what type of oscillator you would use and 
(b) what variables you would manipulate to deter-
mine the best value.

Standardized Test Prep

Remember that the frequency and period of a 
harmonic oscillator do not change as the oscillator 
loses amplitude.

Test-Taking Hint

 1. What are the frequency and the amplitude of the  
oscillator?
(A) 0.67 Hz and 4 m (C) 0.33 Hz and 4 m
(B) 0.67 Hz and 2 m (D) 0.33 Hz and 2 m

 2. At what times is the oscillator moving at maxi-
mum speed?
(A) 0.75, 2.25, and 3.75 s (C) 1.5, 3.0, and 5.0 s
(B) 1.5, 3.0, and 4.5 s (D) 2.0, 4.0, and 6.0 s

 3. A mass on an oscillating spring has its maximum 
speed when
(A) displacement is maximum and force 

is maximum.
(B) displacement is maximum and force 

is minimum.
(C) displacement is minimum and force 

is minimum.
(D) displacement is minimum and force 

is maximum.

 4. A swinging pendulum can be considered a simple 
harmonic oscillator only if
(A) the pendulum length is large.
(B) the mass on the pendulum is small.
(C) the angle of release is small.
(D) the value of g is small.
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See Lesson 13.1 13.1 13.1 13.2 13.4 13.4 13.3 13.2

WALK1156_01_C13_pp452-491.indd   491 12/14/12   4:40 PM


