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• Why should soldiers not march in step when they go over 

a bridge? 

• Why do you need to "pump" your legs when you begin 

swinging on a park swing? 

• How can you carry a full cup of coffee without splashing it? 
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Be sure you know how to: 

• Apply Hooke's law to analyze forces exerted by 

springs (Section 6.4). 

• Use radians to describe angles (Section 8.1). 

• Draw an energy bar chart for a process and 

convert it into an equation (Sections 6.2 and 

6.6). 
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What's new in this chapter 

• We have studied linear motion—objects moving 

in straight lines at either constant velocity or 

constant acceleration.  

• We have also studied objects moving at 

constant speed in a circle.  

• In this chapter we encounter a new type of 

motion, in which both direction and speed 

change.  
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Observations of vibrational motion 

• When you walk, your arms and legs swing back and 

forth. These motions repeat themselves. 

 

 

 

 

 

 

 

• The back-and-forth motion of an object that passes 

through the same positions is an important feature of 

vibrational motion. 
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Observational experiment 
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Observational experiment 
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Equilibrium position 
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Restoring force  
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Observational experiment 
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Amplitude 
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Patterns observed in vibrational motion 

• An object passes through the same positions, 

moving first in one direction and then in the 

opposite direction. 

• The object passes the equilibrium position at 

high speed. When it overshoots, a restoring 

force exerted on it by some other object points 

back toward equilibrium. 

• A system composed of the vibrating object and 

the object exerting the restoring force has 

maximum potential energy when at extreme 

positions and maximum kinetic energy at 

equilibrium. 
© 2014 Pearson Education, Inc. 



Period 

© 2014 Pearson Education, Inc. 



Frequency 
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Kinematics of vibrational motion 

• In an experiment, a motion 

detector collects position, 

velocity, and acceleration-

versus-time data for a cart 

vibrating on a spring.  
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Consistency of motion diagram and graphs 
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Mathematical description of position as a 

function of time 

• The meanings of sine and cosine can be best 

understood using a unit circle. 
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Mathematical description of position 

as a function of time 

• A graph of x = A cos (θ) looks very similar to the 

position-versus-time graph produced by the 

motion detector for a cart on a spring. 
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Mathematical description of position 

as a function of time 

• We can write the period function x(t) to represent 

the position-versus-time graph: 

 

 

 

• Notice that x = +A at t = 0. If an object is at x = 0 

at t = 0, you can either adjust the cos function by 

adding –(π/2) or use the sine function. 
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Simple harmonic motion 

• Simple harmonic motion (SHM) is motion that 

can be described by the following equation: 

 

 

 

• It is a mathematical model of motion. 

© 2014 Pearson Education, Inc. 



Position of a vibrating object as a function 

of time 
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Mathematical description of velocity and 

acceleration as a function of time 

• If the position function is given by: 

 

 

• Then the velocity and acceleration functions are: 

 

 

 

 

• A is the amplitude of the vibration; T is the 

period of the vibration. 
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The dynamics of simple harmonic motion 
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Forces and acceleration for a cart on a 

spring 

• According to Hooke's law, the force that the 

stretched spring exerts on a cart in the  

x-direction is: 

 

• Using Newton's second law, we get: 

 

 

• The cart's acceleration ax is proportional to the 

negative of its displacement x from the 

equilibrium position.  
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Period of vibrations of a cart attached to a 

spring 

• Starting with: 

 

 

• And using: 

 

 

• We get: 

 
 

• In this expression for period, there is no 

dependency on the amplitude. 
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The frequency of vibration of an object 

attached to a spring 

• Using the equation                and the relationship 

f = 1/T, we find: 

 

 

• In our derivation, we assumed that the spring 

obeys Hooke's law, that the spring has zero 

mass, and that the cart is a point-like object.  

• We also neglected friction. 
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Energy of vibrational systems 

• As a cart-spring system vibrates, the energy of 

the system continuously changes from all elastic 

to all kinetic. 
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Relationship between the amplitude of the 

vibration and the cart's maximum speed 

• The equation                                          can be 

rearranged to give: 

 

 

• This makes sense conceptually:  

– When the mass of the cart is large, it should 

move slowly.  

– If the spring is stiff, the cart will move more 

rapidly. 
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Tip 
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Example 19.5 

• A spring with a 1.6 x 104 N/m spring constant 

and a 0.1-kg cart at its end has a total vibrational 

energy of 3.2 J.  

1. Determine the amplitude of the vibration.  

2. Determine the cart's maximum speed.  

3. Determine the cart's speed when it is 

displaced 0.010 m from equilibrium. 

4. What would the amplitude of the vibration be 

if the energy of the system doubled? 
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The simple pendulum 

• A pendulum is a vibrating system in which the motion is 

very apparent. 

• Consider a simplified model of a pendulum system that 

has a compact object (a bob) at the end of a 

comparatively long and massless string and that 

undergoes small-amplitude vibrations. 

– This idealized system is called a simple pendulum. 
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The simple pendulum 

• Two objects interact with 

the bob of the pendulum.  

– The string S exerts a 

force that is always 

perpendicular to the 

path of the bob. 

– Earth exerts a 

downward 

gravitational force.  
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Observational experiment 
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Observational experiment 
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The simple pendulum in relation to the cart 

on a spring 

• The motion of the pendulum has the same 

patterns as the motion of the cart on a spring:  

– It passes the equilibrium position from two 

different directions. 

– There is a restoring force exerted on the bob. 

– The system's energy oscillates between 

maximum potential and maximum kinetic. 

© 2014 Pearson Education, Inc. 



Experimental investigation of the period of a 

simple pendulum 

• We record a simple pendulum's period T for different 

vibration amplitudes A, bob masses m, and string 

lengths L. 

 

 

 

 

 

 

 

 

 

• The period appears to depend only on the string length. 
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Deriving the period of a simple pendulum 

• The tangential component of the restoring force 

is: 

 

 

• The restoring force is directly proportional to the 

bob's displacement from equilibrium, so the 

period of a pendulum is: 

 

 

• The period does not depend on the mass or the 

amplitude. 
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Example 19.6 

• Estimate the number of steps that a leg takes 

each second while a person is walking—in other 

words, the natural swinging frequency of the leg. 

We will treat the leg as a simple pendulum.  

© 2014 Pearson Education, Inc. 



Conceptual Exercise 19.7 

• A child sits on a swing that hangs straight down 
and is at rest. Draw energy bar charts for the 
child-swing-Earth system:  

1. As a person pulls the child back in 
preparation for the first swing. 

2. At the moment the person releases the 
swing while it is at its elevated position. 

3. As the swing passes the equilibrium 
position. 

4. When the swing reaches half the maximum 
height on the other side. 

5. As the swing passes the equilibrium position 
moving in the opposite direction. 
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Skills for analyzing processes involving 

vibrational motion 

• When problem solving: 

– Represent the process with force diagrams 

and/or bar charts if needed. 

– If necessary:  

• Use kinematics equations to describe the changing 

motion of the object. 

• Use force diagrams to apply the component form 

of Newton's second law to the problem or use bar 

charts to apply work-energy principles. 

• Use the expressions for the period of an object 

attached to a spring or to a pendulum. 
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Example 19.9 

• The Body Mass Measurement Device chair 

(mass = 32 kg) has a vibrational period of 1.2 s 

when empty. When an astronaut sits on the 

chair, the period changes to 2.1 s. Determine: 

– The effective spring constant of the chair's 

spring. 

– The mass of the astronaut. 

– The maximum vibrational speed of the 

astronaut if the amplitude of vibration is 

0.10 m. 

© 2014 Pearson Education, Inc. 



Including friction in vibrational motion 

• So far we have mostly ignored the effect of friction on 

vibrating objects.  

– Without friction, a car would continue vibrating on its 

suspension system for miles after going over a bump 

on a road, and tall buildings would continue to sway 

even after the wind had died down. 
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Damped and undamped oscillators 

• You can observe the 

effects of friction on a 

simple system.  
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Damping 

• The phenomenon of decreasing vibration 

amplitude and increasing period is called 

damping. 

 

 

 

 

 

• Damping is a useful aspect of the design of 

vehicles and bridges.  
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Including friction in vibrational motion 

• A weakly damped system 

continues to vibrate for 

many periods. 

• In an overdamped system, 

the vibrating system takes 

a long time to return to the 

equilibrium position, if it 

ever does. 

• In a critically damped 

system, the vibrating object 

returns to equilibrium in the 

shortest time possible. 
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Vibrational motion with an external 

driving force 

• All real vibrations are damped and eventually 

stop unless energy is added to the system.  

• We will investigate how external interactions of 

the environment with a vibrating system could 

lead to continuous vibrations. 

© 2014 Pearson Education, Inc. 



Observational experiment 
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Observational experiment 
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Resonance 

 

 

 

 

 

• Resonance occurs when some object in the environment 

exerts a force on it that varies in time and does net 

positive work over time.  

– This work increases the total energy of the system 

and therefore the amplitude of vibrations.  

– The increase in energy occurs when the frequency of 

the external force is the same as the natural 

frequency of the system. 
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Energy transfer through resonance 

 

 

 

 

 

• Transfer of energy from one object to another 

depends on two conditions: 

– The natural frequencies of the objects must 

be close. 

– A mechanism must exist that allows one 

object to do positive work on the other object. 
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Energy transfer through resonance 

• Resonance caused the 

collapse of the Tacoma 

Narrows Bridge in 

Washington only four 

months after its completion.  
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Radiation absorption by molecules 

• To maintain a consistent climate, Earth and its 

atmosphere rely on a balanced exchange of 

energy in and out of the system they represent.  

– The energy absorbed by the Earth-atmosphere 

system must be balanced by the energy 

transferred out of that system.  

– The energy is transferred out when vibrating 

molecules on Earth emit lower-frequency 

infrared radiation that travels away from Earth.  
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Greenhouse effect  

• Some of the radiation emitted by molecular 

vibration on Earth is absorbed by CO2 molecules 

in the atmosphere.  

– This absorption causes the vibrational energy 

of these atmospheric molecules to increase.  

– The excited CO2 molecules re-emit the 

infrared radiation, much of which is 

reabsorbed by molecules on Earth.  

– Thus less energy is transferred out of the 

system than is transferred in—and the planet 

warms. 

© 2014 Pearson Education, Inc. 


