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Mechanical waves. Acoustics
Wave motion
The concept of waves is fundamental in nature. Let us suppose a number of particles in an elastic medium so that one of them cannot move without disturbing its neighboring particles. 
If any particle is displaced then a disturbance will be produced in the medium which will be handed on from particle to particle till all of them have suffered greater or less displacements. 
Now, if the particle performs periodic motion, then other particles of the medium perform the same type of motion with the phase differing regularly from one particle to next. Such a disturbance is called wave motion. 
Thus, a wave motion may be regarded as a disturbance, which is caused by the particles of an elastic medium executing definite periodic vibrations about their mean positions, the phase varying particle to particle and which travels with a definite velocity, depending upon the density and the elasticity of the medium.
 If the disturbance or state of motion is continuously transmitted along the same direction, then it is called a traveling wave. 
It may be noted that in a wave motion there is no bodily transfer of the medium through which the wave propagates. What travels forward in the medium is a state of motion which is passed on from one particle to the next as the wave advances. 
Since during the propagation of the wave, the particles of the medium lying in its path are thrown into vibration in succession, obviously the waves pass on energy from one particle to next along their line of travel. Hence in a progressive wave motion there is always a transmission of energy along the direction of propagation of the wave. 
In standing waves, the energy does not transfer from one place to another. 

Transverse wave A transverse wave is one in which the direction of oscillation of the particles of the medium is at right angles to the direction of propagation of the wave. 
The characterstic properties of transverse wave :

· In transvers waves, the particles vibrate about their mean position at right angles to the directions
of propagation of the disturbance.

· The transverse waves travel in the form of crest and trough:
1. A crest is a position of the medium, which is highly raised above the normal position
of rest of the particles of the medium when a transverse wave passes through it.

2. A trough is a portion of the medium, which is highly depressed below the normal 
positions of rest of the particles of the medium when a transverse wave passes through it.
For example, the waves generated in ropes and stretched strings and the light (electro-magnetic) waves are transverse waves. 
Longitudinal wave A longitudinal wave is one in which the direction of oscillation of the particles of the medium is the same as the direction of propagation of the wave. 
The characterstic properties of longitudinal wave motion :

· In a longitudnal wave motion the particles of the medium vibrate about their mean

positions in the directions of the propagation of the waves.

· The waves travel in the form of compressions and rarefactions.

· Particles move forward in a compression and backword in a rarefaction.
For example, if a spring fixed at one end is pulled at the other and then let free, a longitudinal wave is generated in it. Sound waves are also longitudinal waves. 
Waves are of two main types:

1. Mechanical waves. These waves ate most familiar because we encounter them almost constantly; common examples include water waves, sound waves, and seismic waves. All these waves have two central features: They are governed by Newton's laws, and they can exist only within a material medium, such as water, air, and rock.

2. Electromagnetic waves. These waves are less familiar, but you use them constantly; common examples include visible and ultraviolet light, radio waves, microwaves, x-rays. These waves require no material medium to exist. Light waves from stars, for example, travel through the vacuum of space to reach us. 

Equation of a plane traveling  harmonic wave
 
The simplest and most important type of wave is the simple harmonic wave in which the displacement of a particle is a simple harmonic or sinusoidal function of time and distance both. Such waves are produced by vibrating bodies, which execute simple harmonic motion.
 Let the source of the wave be situated at the origin 0 (x = 0) and let a regular train of plane waves travel in the positive direction of x-axis. Since the source of waves performing simple harmonic motion at any instant  t  the displacement of a particle at O will be given by
 yo = a sin ωt,                                                          (1) 
where  a  is the amplitude of the vibration and  ω  is the angular frequency. 
If the wave velocity is  v, then the disturbance; produced at O, will reach at the point P distance  x  in  x/v  seconds. Hence the displacement  y of the particle P at any instant  t  will be given by
 y = a sin ω(t – x/v).                                                  (2) 
This equation represents the displacement  y of a particle at any time  t  , and it is one of the solutions of general differential one dimensional wave equation. Thus it is the equation of a simple harmonic wave traveling with velocity v along the positive direction of  x-axis. 
Similarly the equation   

y = a sin ω(t + x/v)
will represent a wave traveling in the negative direction of  x-axis with velocity v. 
The frequency of the wave is equal to the frequency of the oscillating body, hence the frequency  f  of the wave  
f = ω/2π = 1/T,
where  T  is the period. 
In one vibration (i.e., in period T) the wave moves through a distance equal to wavelength  λ, hence  velocity v 
[image: image28.png]



The quantity  k is called the angular wave number:
[image: image2.emf]
Its SI unit is the radian per meter,or the inverse meter. 
Now the alternative form of the equation of wave motion can be written as

 y = a sin (ωt – kx)                                                  (3)

The phase of the wave is the argument of the sine in Eq. 3. If φ is the phase constant, then y = a sin (ωt – kx + φ) .

If a wave is moving in any direction (such a wave is called three dimensional wave), the wave equation can be written as 
[image: image3.emf],                 [image: image4.emf].
One of the solutions of this equation is a three dimensional plane harmonic wave, in which the displacement at time  t  and at a point   r = xi + yj + zk  is given by 
ψ = A sin (ωt – k1x – k2y – k3z + φ)    or     ψ = A sin (ωt − k x + φ )
where  k = ikx + jky + kkz  is called the angular wave vector. The direction of this vector is
 the direction of wave motion and its magnitude is  2π/λ, the angular wave number. 
Principle of superposition
Many interesting wave phenomena in nature require two or more waves passing through the same region of space at the same time. Two traveling waves can meet and pass through each other without being destroyed or even altered. 

A very important characteristic of all the waves is the principle of superposition. This principle states that when a number of waves are simultaneously propagated through a medium, the resultant physical disturbance at any point is the sum of the disturbances  ψ1, ψ2, ψ3 ... etc due to separate waves at the same point, 
ψ = ψ1 + ψ2 + ψ3 + ... .
When waves meet crest to crest and trough to trough, they undergo constructive interference. 
When crest meets trough, the waves undergo destructive interference.
Mathematically, this additive property of wave functions follows from the form of the wave equation. Specifically, the wave equation is linear; that is, it contains the function only to the first power (there are no terms involving  ψ2  or ψ2/3   etc.). As a result, if any two functions satisfy the wave equation separately, their sum also satisfies it and is therefore a physically possible motion. 
Velocity of waves
 
When longitudinal vibrations are produced in a solid rod, its every section vibrates to and fro about its mean position along the axis of the rod and longitudinal waves are traveling along an elastic solid rod. 
Let us suppose that longitudinal waves are traveling along an elastic solid rod. If  ρ  is the density of material of the rod, and the Young’s modulus of its material is given by  Y, then the velocity of the longitudinal waves in the solid rod is given by

[image: image5.emf].
Thus, the velocity of longitudinal waves in a rod depends upon the density and Young’s modulus of its material.

 
When a plane progressive longitudinal wave moves through a gas, the gaseous particles execute simple harmonic motion along the direction of propagation of the wave. The phases of these particles vary regularly. The distance between the particles so changes that at any instant particles are alternately crowded and spreaded out. Hence pressure varies from particle to particle inside the gas. 
The velocity of longitudinal waves in a fluids depends upon the elasticity and the density of the medium

[image: image6.emf],

B is the bulk (volume) modulus of the fluid, the increase in pressure  Δp per unit the fractional decrease in volume  ΔV/V0 ; 
[image: image7.emf],
which describes how much pressure is needed to achieve a given fractional decrease in 
volume. The units of bulk (volume) modulus are those of pressure, Pa, atm.
In gases,  K = γP, where  γ is the ratio of the specific heats at constant pressure (cp) and volume (cV). (The ratio  cp /cV  ranges from 1, for very large molecules, to  5/3, for an ideal monatomic gas, and is  1.4  for air,which is composed of diatomic gases.) 
Consequently, the speed of sound in gases 
[image: image8.emf].
where  R  is the constant in the ideal gas law (R = 8.31 J/mol-K), and  m is the molecular mass. The speed of sound in air is  343 m/s (at 20◦C), which is 15× slower than that in steel, while in water it is 1,482 m/s.
When transverse vibrations are produced in a solid rod, its every section vibrates to and fro about its mean position across the axis of the rod and transverse waves are traveling along an elastic solid rod. 
The velocity of transverse waves in a rod depends upon the density and modulus of rigidity (shear modulus) of its material.
Phase and group velocity

 
The equation of a plane progressive harmonic wave, traveling along x-axis is given by 
y = a sin (ωt – kx)
For a wave, the ratio of  ω  and  k  is called the phase velocity  vp
[image: image9.emf]
Evidently, this is the velocity with which a plain wavefront, a plane of constant phase, given by  

(ωt – kx) = const,
propagates in the medium, because differentiating with respect to time, we get 
[image: image10.emf]              [image: image11.emf],
which is the phase velocity  vp. 

In practice, we come across pulses rather than monochromatic waves. A pulse consists of a number of waves differing slightly from one another in frequency. A superposition of these waves is called a ‘wave packet’ or a ‘wave group’. 
When such a group travels in a dispersive medium, the phase velocities of its different components are different. The observed velocity is, however, the velocity with which the maximum amplitude of the group advances in the medium. This is called the ‘group velocity’. Thus with the group velocity the energy in the group is transmitted. The individual waves travel ‘inside’ the group with their phase velocities.
 If a group contains a number of frequency-components in an infinitely small frequency interval, then the expression for the group velocity may be written as 
[image: image12.emf].

Since  ω = kv,  where  v  is phase velocity, the group velocity is given by
[image: image13.emf]
Now,  k = 2π/λ,  where  λ  is wavelength. Therefore
[image: image14.emf].

This is the relation between group velocity  vg  and phase velocity  v  in a dispersive medium (A dispersive medium is one in which the phase velocity is frequency dependent). 
Usually  dv/dλ  is positive, so that the group velocity  vg <  v. This is called ‘normal dispersion’.  But ‘anomalous dispersion’ can arose when   dv/dλ   is negative, so that  
vg <  v. An electrical conductor is anomalously dispersive to electromagnetic waves. 
In a non-dispersive medium (v = ω/k = constant), we have  dv/dλ = 0, so that 
vg = v. For light waves in free space the group velocity is same as the wave velocity. Sound waves in gases are also non-dispersive. This is a fortunate circumstance. If sounds of different frequencies travelled at different speeds through the air it would result in chaos and aural anguish.
Time superposition of waves
Up until now we have been discussing wave as if it were of a single frequency. Almost all waves cannot be described in such simple terms, but can be thought of as the superposition of a variety of pure sine waves each of a different frequency and amplitude. 
[image: image15.emf]         [image: image16.emf]
An analysis of this waveform is presented in the form of a spectrum, in which the amplitudes of the different frequency components are plotted as a function of the frequency. 
In simple cases there will be a small number of discrete frequency components present, as in our example in which there are four components. These are the resonant frequencies of the wave source. The lowest frequency is called the fundamental whereas often the other frequency components in the spectrum will be integral multiples of the fundamental and are known as overtones.

Finding this representation for a given waveform is called harmonic analysis. The sum of sinusoidal functions that represents a complex wave is called a Fourier series.
The four different sine curves, with relative amplitudes and frequencies given by the spectrum in figure, add together to reproduce the waveform. In fact, any periodic waveform, no matter how complex, can be represented as the superposition of harmonics according to Fourier’s theorem.

Wave Intensity

Wave motion conveys energy from one region to another. For a sinusoidal mechanical wave, the average power is proportional to the square of the wave amplitude and the square of the frequency.
The one-dimensional traveling wave can be pictured as traveling along a fixed
direction of propagation and represented as a plane wave, one having parallel wavefronts. 
Wavefronts are the surfaces constructed by connecting all in phase points along the direction of propagation. 
For a one-dimensional wave, points of common phase are planes with normals along the wave velocity direction. 

For a one-dimensional traveling wave the amplitude of the wave remains constant along its direction of travel. In this case, the energy per unit time, or power, traveling with the wave velocity is constant.
In three-dimensional case, if the wave originates at a localized source and flows outward in all directions, the wavefronts are spherical and their surface area  A increases with radius  r  from the source as  A = 4πr2.

If the power emitted by the source of wave is constant, then as the spherical wavefront travels outward, the total amount of energy crossing any spherical shell centered at the source is the same. So the energy per unit time crossing a unit area must decrease at increasing distances from the source. It is therefore more common to speak about the intensity of a three-dimensional wave than about its power.
For waves that travel in three dimensions, we define the intensity (denoted by I) to be the time average rate at which energy is transported by the wave, per unit area, across a surface perpendicular to the direction of propagation.
That is, intensity  I  is average power per unit area. It is usually measured in watts per
square meter  (W/m2). Intensity  I is given by Umov’s equation
I = wvg ,
where  w  energy density, measured in J/m3:   w= ½ρω2A2.
If the power output of the source is  Ps, then the average intensity through a sphere with radius r  and surface area  4πr2  is
[image: image17.emf]
This relationship is called the inverse-square law for intensity.
The Doppler effect

The Doppler effect is a change in the observed frequency of a wave when the source
or the detector moves relative to the transmitting medium (such as air). 
The Doppler effect holds for any waves sound, electromagnetic waves, including microwaves, radio waves, and visible light. Here, however, we shall consider sound waves, and we shall take as a reference frame the body of air through which these waves travel. 
This means that we shall measure the speeds of a source  S  of sound waves and a detector  D  of those waves relative to that body of air. If the body of air is stationary relative

to the ground, the speeds can also be measured relative to the ground. 
We shall assume that  S  and D  move either directly toward or directly away from

each other, at speeds less than the speed of sound.

If either the detector or the source is moving, or both are moving, the emitted

frequency  f  and the detected frequency  f '  are related by

[image: image18.emf]
where  v  is the speed of sound through the air, vD is the detector's speed relative to the air, and vS  is the source's speed relative to the air, the upper signs are used when the relative motion brings the source and detector closer and the lower signs apply when that distance is increasing.
The Doppler effect can be used to measure the velocity of moving objects by aiming a wave at the object and measuring the frequency of the reflected wave. This technique is probably most familiar to you in the form of radar. Police radar uses high-frequency radio waves to detect the velocity of cars on a highway; weathermen use Doppler radar to measure the velocities of clouds to make forecasts. A medical application of the Doppler effect is the use of ultrasound to determine blood velocities as discussed in the next lecture.
Shock waves
If the speed of a source relative to the medium exceeds the speed of sound in the medium, the Doppler equation no longer applies. In such a case, shock waves result.
If a source is moving toward a stationary detector at a speed equal to the speed of sound that is, if  vS = v   the detected frequency f '  will be inflnitely great. This means that the source is moving so fast that it keeps pace with its own spherical wavefronts.

What happens when the speed of the source exceeds the speed of sound?
Figure depicts the spherical wavefronts that originated at various positions of the source. The radius of any wavefront in this figure is  vt, where  v  is the speed of sound and  t  is the time that has elapsed since the source emitted that wavefront.

The wavefronts actually extend in three dimensions, and the bunching actually forms a cone called the Mach cone.

A shock wave is said to exist along the surface of this cone, because the bunching

of wavefronts causes an abrupt rise and fall of air pressure as the surface passes through any point.     The ratio v/vS is called the Mach number.

The shock wave generated by a supersonic aircraft or projectile produces a burst of

sound, called a sonic boom, in which the air pressure flrst suddenly increases and then suddenly decreases below norm
Acoustics. Physics of hearing

Of all the mechanical waves that occur in nature, the most important in our everyday lives are longitudinal waves in a medium—usually air—called sound waves.
The science of sound is known as acoustics. In this lecture we learn about the physical properties of sound and how to describe sound in the language of waves. We will first review the basic physics of sound waves and will then examine the physics of hearing by humans. 

Sound is also important in medical diagnostics. Physicians use stethoscopes

to listen to sounds in the body (auscultation) and they tap on parts of the body, as one would a drum, as a percussive diagnostic. Another important medical diagnostic using sound is ultrasonic mapping or ultrasonography. 
The simplest sound waves are sinusoidal waves, which have definite frequency,

amplitude, and wavelength. The human ear is sensitive to waves in the frequency range from about 20 to 20,000 Hz, called the audible range, but we also use the term “sound” for similar waves with frequencies above 20,000 Hz (ultrasonic) and below 20 Hz (infrasonic) the range of human hearing. Neither is perceived by the ear, although infrasound can sometimes be felt as vibrations. 

Pitch, loudness and timbre (quality), are some of the terms we use to describe the sounds we hear. Table gives the dependence of  human hearing perceptions on physical quantities.

	Perceptions  
	Physical quantities

	Pitch
	Frequency

	Loudness
	Intensity and Frequency

	Timbre (quality)
	Number and relative intensity of multiple frequencies


Frequency and pitch
The frequency of a sound wave is the primary factor in determining the pitch

of a sound, the quality that lets us classify the sound as “high” or “low.” The higher the 
frequency of a sound (within the audible range), the higher the pitch that a listener will perceive. 
Sound waves may also be described in terms of variations of pressure at various points. In a sinusoidal sound wave in air, the pressure fluctuates above and below atmospheric pressure  Pa  in a sinusoidal variation with the same frequency as the motions of the air particles.
[image: image19.emf]
Pressure amplitude also plays a role in determining pitch. When a listener compares two sinusoidal sound waves with the same frequency but different pressure amplitudes, the one with the greater pressure amplitude is usually perceived as slightly lower in pitch.
Most of us have excellent relative pitch, which means that we can tell whether one sound has a different frequency from another. Typically, we can discriminate between two sounds if their frequencies differ by 0.3% or more. For example, 500.0 and 501.5 Hz are noticeably different. 
Pitch perception is directly related to frequency and is not greatly affected by other 
physical quantities such as intensity. There is, however, no simple mathematical relationship between pitch and frequency.
Intensity and loudness
Sound is a longitudinal traveling wave that carries energy in the form of mechanical oscillations of the medium. For a one-dimensional longitudinal traveling wave, such as travels along an ideal spring , the amplitude of the wave remains constant along its direction of travel. In this case, the energy per unit time, or power, traveling with the wave velocity is constant. The wave can be pictured as traveling along a fixed direction of propagation and represented as a plane wave, one having parallel wavefronts. These are the surfaces constructed by connecting all in phase points along the direction of propagation. For a one-dimensional wave, points of common phase are planes with normals along the wave velocity direction. 

In three-dimensional examples, however, as the wave spreads out spatially, the energy crossing a unit cross-sectional area decreases with increasing distance from the sound source. It is therefore more common to speak about the intensity of a three-dimensional wave than about its power. In this case, if the sound originates at a localized source and flows outward in all directions, the wavefronts are spherical and their surface area increases with radius from the source as  A = 4π r2.

If the power emitted by the source of sound is constant, then as the spherical wavefront travels outward, the total amount of energy crossing any spherical shell centered at the source is the same. Therefore the energy per unit time crossing a unit area must decrease at increasing distances from the source. Mathematically, the intensity of sound is related to the power  P, generated by the source and the distance  r  from the source by

 [image: image20.emf]                                                     (11.4)

If the power is constant then we see that the intensity is inversely proportional to

the square of the distance from the source. The acoustic intensity is also equal to the kinetic energy of the wave per unit volume, ρu2max/2, times the wave speed, vs, 

[image: image21.emf]
where   umax = Aω  is the maximum speed of the molecules for a maximum displacement  A  during the disturbance. 

The acoustic impedance Z  of a medium is given by the product of the mass

density and sound speed for that medium, so

[image: image22.emf]
where  ρ  is the density of the medium (in kg/m3 ) and  v  is the speed of sound through the medium (in m/s). The units for  Z  are therefore  kg/(m2·s) .
For simplicity, we will label the gauge pressure  ΔP = P − Pa   as  ΔP and call it the sound pressure.  For all waves, whether mechanical, sound, light, or any other type, the intensity  I  of the wave is proportional to the square of the wave amplitude. In the case of sound, the intensity is given by

[image: image23.emf]                                                          (11.6)

Typical  P0/Pa values are a few percent.

Sound intensities vary over an enormous range. The least intense sound that can be heard by the human ear is called the threshold of hearing and is taken as 10-12 W/m2. Of course, this value actually varies from person to person as well as with a person’s age. The perception of intensity is called loudness. 
As the intensity increases so does the perceived loudness. The most intense sound that the human ear can respond to without harm is called the threshold of pain and is  1 W/m2. 

Because of the enormous range of intensities to which the ear responds, 12 orders of magnitude, sounds that are 10 times more intense do not seem 10 times as loud to the ear. In fact, the ear responds nearly logarithmically to sound intensity, the sound loudness doubling for each decade increase in intensity. 
A useful scale for intensity level is the decibel scale for which the sound intensity level  is given by

 [image: image24.emf]                                                    (11.7)

where  Iref  is a reference intensity, taken as the threshold of hearing (10-12 W/m2).  
Recall that “log” means the logarithm to base 10. Sound intensity levels are expressed in decibels, abbreviated dB. A decibel is 0.1 of a bel, a unit named for Alexander Graham Bell (the inventor of the telephone). The bel is inconveniently large for most purposes, and the decibel is the usual unit of sound intensity level.
The scale is chosen so that at  I = Iref  the intensity level is 0 dB, whereas at the threshold of pain,  I = 1012 I0, the intensity level is 120 dB .
At a given frequency, it is possible to discern differences of about 1 dB, and a change of  3 dB is easily noticed.

But loudness is not related to intensity alone. Frequency has a major effect on how loud a sound seems. A unit called a phon is used to express loudness E   numerically:

E(ph) = k( f ) I(dB),

where  k( f ) is function of frequency.
Phons differ from decibels because the phon is a unit of loudness perception, whereas the decibel is a unit of physical intensity.
The ear has its maximum sensitivity to frequencies in the range of  2000 to 5000 Hz, so that sounds in this range are perceived as being louder than those at  500 or 10,000 Hz, even when they all have the same intensity. Sounds near the high- and low-frequency extremes of the hearing range seem even less loud, because the ear is even less sensitive at those frequencies. 
[image: image25.emf]Figure shows the relationship of loudness to intensity level and frequency for persons with normal hearing. At a frequency of 1000 Hz, phons are taken to be numerically equal to decibels.
The curved lines are equal-loudness curves. Each curve is labeled with its loudness in phons. Any sound along a given curve will be perceived as equally loud by the average person. The curves were determined by having large numbers of people compare the loudness of sounds at different frequencies and sound intensity levels. 

Further examination of the graph reveals some interesting facts about human hearing. First, sounds below the  0-phon curve are not perceived by most people. So, for example, a 60 Hz sound at  40 dB is inaudible. The  0-phon curve represents the threshold of normal hearing. 
We can hear some sounds at intensity levels below  0 dB. For example, a  5 dB, 4000 Hz sound is audible, because it lies above the 0-phon curve. The loudness curves all have dips in them between about  2000  and  5000  Hz. These dips mean the ear is most sensitive to frequencies in that range. 
The curves rise at both extremes of the frequency range, indicating that a greater intensity level sound is needed at those frequencies to be perceived to be as loud as at middle frequencies. 
Sounds above 120 phons are painful as well as damaging (threshold of pain).

We do not often utilize full range of hearing. This is particularly true for frequencies above 8000 Hz, which are rare in the environment and are unnecessary for understanding conversation or appreciating music. In fact, people who have lost the ability to hear such high frequencies are usually unaware of their loss until tested. The shaded region in Figure is the frequency and intensity region where most conversational sounds fall.

[image: image26.emf]The curved lines indicate what effect hearing losses of 40 and 60 phons will have. A 40-phon hearing loss at all frequencies still allows a person to understand conversation, although it will seem very quiet. 
A person with a 60-phon loss at all frequencies will hear only the lowest frequencies and will not be able to understand speech unless it is much louder than normal. Even so, speech may seem indistinct, because higher frequencies are not as well perceived.
 The conversational speech region also has a gender component, in that female voices are usually characterized by higher frequencies. So the person with a 60-phon hearing impediment might have difficulty  understanding the normal conversation of a woman.
At a constant loudness of 40 phons, one can perceive 1,400 different frequencies.
Also, at a constant frequency of 1,000 Hz one can perceive about 280 different levels of loudness. Consequently, people can perceive almost 1,400×280 = 400,000 different variations of pitch and loudness.
Timbre (quality)

In most cases, the sound wave are highly complex. Each sound has its own characteristic pattern. It would be impossible to evaluate the effect of sound waves on the human auditory system if the response to each sound pattern had to be analyzed separately. 
J. B. J. Fourier, a French mathematician, showed that complex wave shapes can be analyzed into simple sinusoidal waves of different frequencies.

 In other words, a complex wave pattern can be constructed by adding together a sufficient number of sinusoidal waves at appropriate frequencies and amplitudes.
Therefore, if we know the response of the ear to sinusoidal waves over a broad range of frequencies, we can evaluate the response of the ear to a wave pattern of any complexity. 
When a violin plays, there is no mistaking it for a piano playing the same note. The reason is that each instrument produces a distinctive set of frequencies and intensities. The fundamental frequency is the same but the harmonic content of the wave is different for each instrument. 
We call our perception of these combinations of frequencies and intensities tone quality, or more commonly the timbre.  It is more difficult to correlate timbre perception to physical quantities than it is for loudness or pitch perception. Timbre is more subjective. Terms such as dull, brilliant, warm, cold, pure, and rich are employed to describe the timbre of a sound. 

The third graph is typical of presbycusis, the progressive loss of higher frequency hearing with age. 

Tests performed by bone conduction (brackets) can distinguish nerve damage from middle ear damage.

The Hearing Mechanism

The hearing mechanism involves some interesting physics. The sound wave that impinges upon our ear is a pressure wave. The ear is a transducer that converts

sound waves into electrical nerve impulses in a manner analogous to a microphone.

Figure shows the gross anatomy of the ear with its division into three parts: the outer ear or ear canal; the middle ear, which runs from the eardrum to the cochlea; and the inner ear, which is the cochlea itself. The body part normally referred to as the ear is technically called the pinna.

For the purposes of description, the ear is usually divided into three main sections: the outer ear, the middle ear, and the inner ear. The sensory cells that convert sound to nerve impulses are located in the liquid-filled inner ear. The main purpose of the outer and middle ears is to conduct the sound into the inner ear.

The outer ear is composed of an external flap called the pinna and the ear canal, which is terminated by the tympanic membrane (eardrum). The ear canal of an average adult is about 0.75 cm in diameter and 2.5 cm long, a configuration that is resonant for sound waves at frequencies around 3000 Hz. This accounts in part for the high sensitivity of the ear to sound waves in this frequency range. 

 
The middle ear converts sound into mechanical vibrations and applies these vibrations to the cochlea. To perceive sound, the sound has to be coupled from air to the sensory cells that are in the fluid environment of the inner ear. The direct coupling of sound waves into a fluid is inefficient because most of the sound energy is reflected at the interface. The middle ear provides an efficient conduction path for the sound waves from air into the fluid of the inner ear.

The middle ear is an air-filled cavity that contains a linkage of three bones called ossicles that connect the eardrum to the inner ear. The three bones are called the hammer, the anvil, and the stirrup. The hammer is attached to the inner surface of the eardrum, and the stirrup is connected to the oval window, which is a membrane-covered opening in the inner ear.

The lever system of the middle ear takes the force exerted on the eardrum by sound
pressure variations, amplifies it and transmits it to the inner ear via the oval window, creating
pressure waves in the cochlea approximately 20 times greater than those impinging on the eardrum. 

Two muscles in the middle ear (not shown) protect the inner ear from very intense sounds. They react to intense sound in a few milliseconds and reduce the force transmitted to the cochlea. This  protective reaction can also be triggered by your own voice, so that humming while shooting a gun, for example, can reduce noise damage.
The Eustachian tube connects the middle ear to the upper part of the throat. Air seeps in through this tube to maintain the middle ear at atmospheric pressure. The movement of air through the Eustachian tube is aided by swallowing.

A rapid change in the external air pressure such as may occur during an airplane flight causes a pressure imbalance on the two sides of the eardrum. The resulting force on the eardrum produces a painful sensation that lasts until the pressure in the middle ear is adjusted to the external pressure. 

The conversion of sound waves into nerve impulses occurs in the cochlea, which is located in the inner ear. The cochlea is a spiral cavity shaped like a snail shell. The wide end of the cochlea, which contains the oval and the round windows, has an area of about 4mm2. The cochlea is formed into a spiral with about 2.75  turns. If the cochlea were uncoiled, its length would be about 35 mm.

[image: image27.emf]Inside the cochlea there are three parallel ducts; these are shown in the highly simplified drawing of the uncoiled cochlea. 

All three ducts are filled with a fluid. The vestibular and  tympanic canals are joined at the apex of the cochlea by a narrow opening called the helicotrema. 
The cochlear duct is isolated from the two canals by membranes. One of these membranes, called the basilar membrane, supports the auditory nerves.

The vibrations of the oval window set up a sound wave in the fluid filling the vestibular canal. The sound wave, which travels along the vestibular canal and through the helicotrema into the tympanic canal, produces vibrations in the basilar membrane which stimulate the auditory nerves to transmit electrical pulses to the brain. The excess energy in the sound wave is dissipated by the motion of the round window at the end of the tympanic canal.

