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10.2.1Structure of the Ear

Structure of the Ear

= The humanearcanbe divided into three mainregions
= Theouterear
= The middle ear
= Theinnerear
The Outer,Middle &Inner Ear

Sound is received by the outer ear, amplified by the middle earand converted to electrical impulses by the
innerear

The Outer Ear

= The purpose of the outerearis to receive sound waves and relay them to the eardrum
= The maincomponents of the outerearare:
= Theearflap,orpinna
= The earcanal,orexternalauditory canal
= The eardrum,ortympanic membrane
Structure of the Outer Ear

Page 1 of 26
For more help visit our website www.exampaperspractice.co.uk



=

Exam Papers Practice

The outer ear comprises the pinna, the auditory canal and the tympanic membrane

Pinna

= The functionofthe pinnais toreflect sound waves into the earcanal
= This concentrates the energyonto asmallerareawhichincreases the intensityof the waves
= Asaresult,itenablesveryquiet sounds to be detected

Auditorycanal

= The functionof the auditorycanalis to relay sound waves to the eardrum and cause it to vibrate
= Theeffectsofresonance onsoundinthe auditorycanal are responsible forthe range of human
hearingwhich,onaverage,is 20 to 20,000 Hz
Tympanic membrane

= The functionof the tympanic membrane (eardrum)is to transfervibrations into mechanical
oscillations
= |tforms aboundarybetweenthe outerearand the ossicles of the middle ear

The Middle Ear

= The purpose of the middle earis to amplify vibrations on the eardrum and transmit them to the
innerear
= The maincomponents of the middle earare:
= The Eustachiantube
= Three smallbones called ossicles
Structure of the Middle Ear
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The middle ear comprises the Eustachian tube which connects to the throat, and the ossicles (malleus,
incus and stapes) which connect the ear drum to the oval window

Eustachiantube

= The functionof the Eustachiantube is to equalise pressure differences between airin the middle
earand outside the ear
= The Eustachiantube connects the cavityinthe middle earto the nasopharynx, orthroat
Ossicles

= The functionof the ossiclesis to transmit,and amplify, vibrations of the tympanic membrane to
the ovalwindow inthe innerear
= The ossicles comprise three smallbones,which are named aftertheirshapes:
= The malleus (hammer)
= Theincus (anvil)
= The stapes (stirrup)
= Thethreebonesactasasystemoflevers whichcanachieve amultiplicationofforce,or
amplification, of vibrations by about 1.5 times,or50%
= The ossicles tightenunderquiet conditions and loosenunderloud conditions
= Thislooseningofmuscleis aprotective measure which prevents hearingloss

The Inner Ear

= The purpose of theinnerearis to convert vibrations to electrical signals to be processed by the
brain
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= The maincomponents of the innerearare:
= Theovalwindow
= Theround window
= Thecochlea
= The semi-circular canals
Structure of thelnner Ear

The inner ear comprises the oval window, round window, the cochlea and the semicircularcanals
Oval window

= The functionof the ovalwindowis to allow vibrations to enter the fluid of the cochlea
= The ovalwindow is athinmembrane which connects the stapes bone inthe middle earto the
apex(top)ofthe cochlea
= The amplificationofsound occurs here as the ovalwindow has asmallerarea (about 20 times
smaller) than the tympanic membrane
Round window

= The functionof the round windowis to allow the movement of fluid inthe cochleabyrelieving the
pressure
= Theround window is athinmembrane below the ovalwindow
= Asthe stapes presses the ovalwindow inwards, the pressure inthe fluid causes the round
window to be pushed outwards
Cochlea

= The functionofthe cochleais to convert vibrations into electrical signals to be processed by
the brain

= The cochleais ahelical,spiral-shaped cavity filled with fluid

= Oneendconnectsto the ovalwindow and the lowerend connects to theround window

= The cochleacontains the basilar membrane whichis lined withrows of haircells
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= Thedistortionofthe haircells produces electricalimpulses which travel along the auditory
nerve to the brain
Semi-circularcanals

= The functionof the semi-circularcanals is to maintainbalance and detect changes invelocity
= There are three semi-circularcanals,each containing fluid whichdetects accelerationinthe
three perpendicularplanes

Q Exam Tip

Make sure you canlabel all the structures of the earand succinctlysummarise theirfunctions
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Transmission Processes of Sound

= The transmissionofsound fromthe outerearto the brainis shownbelow:
Transmission of SoundintheEar

The process by which sound produces vibrations in the outer ear, middle earandinnerear before reaching
the brain

Transmission of Sound in the Outer Ear

= Sound waves are reflected into the auditory canal by the pinna
= Theintensityofthe soundincreases as energyis concentrated onto asmallerarea
= The sound wave travels down the auditory canal towards the tympanic membrane (eardrum)
= The pressure variations created by the longitudinal sound wave exert aforce onthe eardrum,
causingitto vibrate
= Thevibrationpatternof the sound waves creates the same patternof vibrationinthe eardrum

Transmission of Sound in the Middle Ear

= Thevibrationofthe eardrumis transferred to the ossicles
= The malleus (hammer) transfers the vibration to the incus (anvil) and stapes (stirrup)
= Theactionofthe ossicles amplifies the vibrations and reduces anyenergywhichis reflected
back
= The stapes bone transfers the vibrations to the ovalwindow
= The ovalwindow has anareawhichis only1/15 of that of the eardrum,and aforce of 1.5 times
greater,hence thereis anincrease inthe pressure byabout 20 times

Transmission of Sound in the Inner Ear
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The ovalwindow transfers the vibrations to the fluid inthe cochleaintheinnerear

= Asthe pressure pushes the ovalwindow inwards, the round window bulges out to

compensate forthe pressure change

As vibrations are transmitted along the cochlea,movementinthe basilar membrane causes small
hairs to bend backwards and forwards
Differentregions of the basilarmembrane have different natural frequencies
This means different frequencies of sound resonate indifferent parts of the cochlea

= Highfrequencies are detected atthe base

= Lowerfrequencies are detected atthe apex
The tiny hairs produce electricalimpulses which correspond to the different frequencies
These impulses travel alongneurones in the auditory nerve to the brain,whichis interpreted as
the sensationofsound

An Uncoiled Viewof the Cochlea

This uncoiled view of the cochlea shows how the ear detects different frequencies
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@ Worked example
The ovalwindow has anareawhichis about 15 times less than the area of the eardrum.
The force exerted onthe ovalwindow s about 1.5 times the force exerted onthe eardrum.

Show that the pressure onthe ovalwindow is over 20 times greaterthanthe pressure onthe ear
drum.

Answer:

Step 1:List the known quantities:

eardrum
= Area: ona] = 15
= Force: Fova] = 1.5 Feazdzum
Step 2: Write downthe relationship betweenforce, pressure and area:
p F
pressure: = —
A

Step 3:Determine theratio of pressure onthe ovalwindow to the eardrum:

F

oval oval eardrum

eardrum oval eardrum

Pova] _ l's%x%_ISXls
Peardmm % %
15
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10.2.2The Decibel Scale

Relative Intensity Levels of Sound

= Whenthe sound waves enterthe auditory canal,astationary waveis setup
= Thiscanbe modelled as atube withanantinode forming atthe openend and anode forming

attheclosed end
= Asaresult,the auditorycanalacts as aclosed tube resonatorwhich enhances the sensitivity of

soundsinspecific ranges
Inthe case of humanhearing, this is what enables us to hearsounds inthe range of 20 Hz to

20,000 Hz
= The highestsensitivityregionis around 2to 5 kHz, whichcorresponds to frequencies of

speech
Resonanceinthe Auditory Canal

The auditory canal works as a closed tube resonator which is sensitive to specific ranges of frequencies

The Decibel Scale
= The ear’s abilityto detectsmall changesinsound intensityis referred to as its sensitivity

= Thisis measuredindecibels (dB)
= The sensitivity of humanhearingdepends onthe frequency of the sound
= The graphofsoundintensityand frequencyshows that the earis most sensitive to sounds witha

frequencyofabout3000 Hz
The Relationshipbetween Sound Intensityand Frequency
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The human earis most sensitive to sounds with a frequency of around 3000 Hz

= Forfrequencies muchgreater,orlowerthan 3000 Hz, the intensityof sound must be several
orders of magnitude higherto be detected
= This largerange of intensities shows that the response of the earis logarithmic
= Thedecibel(dB)scaleis also logarithmic
= Hence,the decibelscaleis ausefulwayof measuringthe response of the humanearto
changesinsound intensity

The Decibel Scale

The decibel scale is used to represent the large range of intensities that the ear can detect on a logarithmic
scale
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@ Worked example
Give two reasons whylogarithmic scales are used to measure the loudness of asound.

Answer:

= Theearcandetectsoundsoveraverylarge range ofintensities,across manyorders of
magnitude
= This means the ear’s perceptionofloudnessis logarithmic
= Therefore,alogarithmic scale is ausefulwayto plot oranalyse suchalarge range of numbers
= Forexample,onthe graphabove:
= Therange of frequencyofhumanhearingis ~20 to 20 000 Hz
= So,frequencyvalues are plotted onthe axes inincrements of 10 (1,10,100,1000, etc)
» Inthis range of frequencies, intensityvalues range from10-'2 to 102 W m-2
= So,intensityvalue are plotted onthe axes inincrements of 100 (10-12,10-19,10-8,10-¢, etc)
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Loudness & Decibels

Intensityofasound wave is defined as:
The amount of sound energy that passes apoint persecond perunit area

Intensitycanbe described bythe equation:

/ P
A
Where
" ]:intensityofsound wave (W m-2)
" P:power,orenergytransferred persecond (W)

» A -areathroughwhichsound waves pass (m?2)
Forasound wave that spreads outuniformlyinall directions,itcanbe assumed to propagate as a
spherical shell

= The surface areaofasphereis 41

= Theradius I'ofthis sphereis equalto the distance betweenthe source of the sound and the

receiver
This means the intensityof the sound spreads outaccordingto aninverse square law
P
41r?

Inverse Square Law of Sound Intensity

When the source of the sound is twice as faraway, it has spread over four times the area, hence the
intensity is four times smaller

The humanearcandetectandrespond to averylarge range of intensities
Theresponse of the earto changes insound intensity, orthe perceived change inloudness, is
directlyproportional to the logarithm of the percentage change inintensity
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12
perceived changeinloudness & log -
1
\1/
Where

= Il =initialintensity of sound wave (W m=2)

. 12 =finalintensity of sound wave (W m-2)
This is known as the logarithmic response of sound intensity
= This means whentheintensityofasound doubles,and doubles again the loudness increases
infixed steps (foragivenfrequency)
= Forexample,anincreaseinsound intensityfrom1x10-2Wm-2to 2 x10-2W m-2is perceived
to be the same change inloudness as TWm=—2to 2W m2

The threshold of hearing IO is defined as

Thelowestintensity that anormalhumanearcandetect at afrequency of TkHz

Thisis equal to about1x 102 \W m-2
Theintensitylevelof asound canbe defined as

I
intensitylevel=101og (—
1
\0/
Where:
= Intensitylevelis measuredindecibels (dB)
u I:intensityofthe sound wave (W m-2)

. IO =threshold of hearingintensity =1x10-2W m-2

The threshold of hearingis assigned asound levelof O decibels,orOdB
= Anintensitylevel of 10 dBis 10 times louderthan Io,orl x10-TW m-2

= Anintensitylevelof 20 dBis 100 times louderthan IO’ or1x10-10 Wm-2

= Anintensitylevelof 30 dBis 1000 times louderthan Io,or1 x10-2W m-2
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@ Worked example

PersonAhears asound of intensitylevel 95 dB.Person B hears the same sound at anintensity
levelof 82 dB whilst standing 20 m away fromthe source of the sound.

Calculate how farawaypersonAis fromthe source of the sound.
Answer:

Step 1: Convert the intensity levelsindB into intensities

1
intensitylevel=10log| 7
I
0
[A
= IntensitylevelofpersonA=10log T =95dB
0
1
A 95
g 2] = & =05
\10} 10
= Takelogsofbothsides:
IA
Io 10 = IA IO x 10

IB
= IntensitylevelofpersonB=101log T =82dB
\ 0/
1
B 82
log r—] = — =8.2
\h) 10

= Takelogsofbothsides:

IB

— = 82 = = X 8.2
10 IB IO 10

&

Step 2:Use theinverse square law of intensity to find the ratio of jnand g

= Intensityofasound wave:
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P P
= — = 5
A 4Tr
1
= Sincethesource of the sound is the same, the value of power Pis the same,so I & —2
r

Step 3:Rearrange and substitute values to find ra

Tz |la
Ty Iy
L T
Iy = I, Iy = 1Ip I,
Ip
108.2
r, = 20 X 1093 =4.5m

= Hence,personAis standing4.5 mfromthe source of the sound
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@ Worked example
Onthe ground nearanairport, the intensitylevel of an aircraft taking off is measured to be 120 dB.

Determine the intensitylevel,indB, due to two aircraft taking off at the same time.

Threshold ofhearing,]O = 1.0 X 10712 Wm™2

Answer:

Step 1: Convert the intensity levelindB into intensity

1
intensitylevel(dB)=10log I_
0

= Intensitylevel due to eachaircraft=120 dB

10 log (I—Io) =120 = log (I_Io) =12

= Takelogs ofbothsides:

1
I 10 = I'=10"1

* Note:Thisis equivalentto [ = (1012)X(1.OX 10_12) = 1.0 Wm™2 butitis simpler

to keepinterms of]0

Step 2: Add theintensities togetherto obtainthe totalintensity
= [ntensitydue to bothaircraft:
I=1021 + 1012] =2x1012]
0 0 0
Step 3:Convert theintensity backinto dB using the intensity levelequation

12
2X 1071,

h

intensitylevel (dB) =10 log =10 log (2 X 1012)

intensityleveldue to bothaircraft=123 dB

O Exam Tip

Fortwo ormore sounds,intensitylevelsindecibels cannotbe added togetherto obtainatotal
intensitylevel, as thisis nothow logarithmic scales work.Rememberto convert the values in
decibels into intensities inWm=2,thenyoucanadd themtogetherand convert backinto
decibels to obtainthe intensitylevel of the combined sound waves.
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10.2.3Equal Loudness Curves

Equal Loudness Curves

= The normalhumanearcandetectsounds of frequencies fromabout 20 Hz to 20 000 Hz
= Different people mayperceive sound differently due to arange of factors
= Forexample,hearingloss canoccurdue to ageingorexposure to excessive noise
= Equalloudness curves canbe produced to gainanunderstandingof anindividual's hearing
abilities
= Allsounds onagivencurve are perceived as equally loud
= Anequalloudness curveis aplotofintensity level,indB,against frequency,inHz

= Bothaxesuse alogarithmic scale to matchthe large range of intensities and frequencies the
humanearcandetect

EqualLoudnessCurve fora Normal Ear

Equalloudness curves fora normal ear show the sound intensity level required to produce the same
sensation of loudness at different frequencies

= Theloudnessofasound,foragivenperson,canbe measured bycomparingit withastandard
source of sound at TkHz

= Theprocess forgeneratinganequalloudness curveis as follows:

1.Areference signalis played through apairof earphones - thisis asound of frequency1kHz at
afixed intensitylevel (volume)

2.Asound of adifferent frequency is played through the earphones
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3.The intensitylevel (volume) of the sound is adjusted untilboth sounds seemto have the
same loudness -theintensitylevel of this pointisrecorded

4.The processisrepeated at different frequencies, thenacurve canbe plotted onagraphof
intensitylevelagainst frequency - this is the equalloudness curve

@ Worked example

Onthe axes below, sketchanequalloudness curve showing the normalresponse of ahealthy
ear.

Annotate the frequency axis with an appropriate scale.

Answer:
Step 1:Recallthe frequency range of human hearing

= Foranormalear,therange of humanhearingis 20 to 20,000 Hz
Step 2:Recallhow to plot alogarithmic scale

= Onalogarithmic scale,eachlarge divisiononthe scalerepresents anincrease by the base of
the log (usually10) to apowerthatincreases linearly (i.e.10',102,109)
= Thenforeachsmalldivision,instead of progressinglinearly(e.g.0,1,2,3,4...),alogarithmic
scale progresses nonlinearly, but stillinequalincrements (e.g.10,20,30,40..)
Step 3:Labelthe frequency axis withalogarithmic scale

= There are 3 large divisions onthe axes provided, so we should plot the frequencies between
100,1000 and 10 OO0 Hz, as this range is where the earis most sensitive
= 10,100 and 1000 Hz would be too low of arange
= 1000,10 000 and 100 000 Hz would be too large of arange
= Betweenthe large divisions, there are 9 small divisions - thereis no 'zero' onalogarithmic
scale,so eachsmalldivisionrepresentsincrements of 100 and 1000 respectively
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= Thescale should startat100 Hz,then1000 Hz at the midpoint,and end at 10 000 Hz
= BetweenlOOHz and 1000 Hz,eachdivisiononthe scale represents 100 Hz
= BetweenlO0OO0Hz and 10 000 Hz,eachdivisiononthe scale represents 1000 Hz
= Therefore,thelocations of 300 Hz and 3000 Hz are two divisions from 100 Hz and 1000 Hz
respectively
Step 4:Draw aU-shaped curve withthe lowest point at 3000 Hz

= The equalloudness curve foranormal earhas a U-shape

= The frequencyanormalearis mostsensitive to is about 3000 Hz

= Therefore,this corresponds to the quietestsound orlowestintensitylevelonthe decibel
scale
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@ Worked example

The diagram shows the equalloudness curve obtained when a patient has ahearingtestatalevel
above the threshold of hearing.

(a) Explainhow the equalloudness curve was obtained.

(b) Onthe diagramdraw an equalloudness curve which passes through100 dB at afrequency
ofTkHz.

Answer:
(a)Hearingtest to generate the equalloudness curve:

= The patientlistens to areference sound at TkHz and intensitylevel 10 dB
= Thentheylistento asound atadifferent frequencyandloudness
= Theyswitchbetweenthe sound at TkHz and the sound at the new frequencyand the
loudnessis adjusted until the same loudness is perceived - the value of loudness is
recorded
= Theprocessisrepeated forfrequencies between 20 Hz and 20 kHz
(b)Equalloudness curve for100dB at 1000 Hz:

= The general shape should be flatterand must pass through point 100 dB at 1000 Hz

= Bothcurves are mostsensitive atabout 3000 Hz, so theyboth have aminimumintensitylevel
here
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O Exam Tip

Anunderstanding of the unit 'phon'is notrequired in this specification butyoumaycome across
itinyourrevisionof equalloudness curves, soitisincluded here to aid yourunderstanding

Theloudness of asoundinphonsis defined as the intensitylevelindecibels of asound at 1000
Hz that has the same loudness as the sound,i.e.a40dB sound at 1000 Hz has aloudness of 40
phons.Fromthe same curve,al00 dB sound at 10 000 Hz also has aloudness of 40 phons.
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Decibel Scales

= Sound-levelmeters are usually calibrated onanadjusted decibelscale,orthe dBA scale
= The dBAscale gives relative measurements which take into account the ear'sresponse to
different frequencies
= Forexample,the humanearis particularly sensitive to frequencies around 3 kHz and less
sensitive to frequencies higherand lowerthan 3 kHz
= This means thatforthe frequencyresponse calibrated onthe dBAscale:
= Sounds ofthe sameintensitylevel(indB) have the same loudness onthe dBAscale -the dB
outputis aflat line
= At1kHz,the dBresponse and dBAresponse are setto beidentical
= Atfrequencies otherthanlkHz,the dBAresponseis acurve whichreaches a maximumvalue
around 3 kHz
The dBAScale

The red curve shows the dBA response which simulates the response of the ear at different frequencies.
The blue dotted line shows the dBresponse which gives an equal response across all frequencies

= AtafrequencyoflkHz (thereference frequency):
= Bothscales have the same intensitylevel
= Atfrequencies above 1kHz:
= Thereis anincrease up to amaximum of 3 kHz (the peak sensitivity of humanhearing)
= Then,thereis asteadydecrease to simulate the ear's decreased sensitivity to higher
frequencies
= Atfrequencies below 1kHz:
= Thereisasteadydecrease to simulate the ear's decreased sensitivityto lower frequencies
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@ Worked example

Asound source of constant output poweris used to generate asound whichis measured usinga
sound meter.Whensetto the dB scale,the sound meterdisplayed 80 dB as the readingwhen
the frequencyofthe sound was TkHz.

State and explain:

(a) the maindifferences betweenthe dB and dBAscales.

(b) what the readingwould be forasound of frequencyTkHz if the meterwas changed to the
dBAscale.

(c) whatwould happento thereadingoneachscaleif the frequencyof the sound was
changed to 1.5 kHz.

Answer:
(a)

= ThedBscaleisnotfrequencydependent,so the outputis the same atallfrequencies

= The dBAscaleis frequencydependent,so threshold intensities are different fordifferent
frequencies

= Frequencies onthe dBAscale are adjusted to matchtheresponse of the humanear

(b)

= Thereadingonthe dBAscale would be 80 dBA as 1kHz is the reference frequency(at the
threshold of hearing)
(c)

= The dBreadingwould be 80 dB as the poweris constant (and dB scaleis notfrequency
dependent)

= The dBAreadingwould be more than80 dB as the earis more sensitive at 1.5 kHz thanat TkHz
(or1.5kHz has alowerthreshold intensity)

O Exam Tip

Make sure youcandraw the graph of intensitylevelindBA against frequency - the keypoints to
rememberare

= The dBlineis flat

= The dBAcurve has the inverse shape to the equalloudness curve

= The dBAcurve peaks at 3 kHz (frequency of maximum sensitivity)

= Bothscales should have the same reading at TkHz (the reference frequency)
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10.2.4 Defects of Hearing

Defects of Hearing

= Deteriorationof hearingcanoccurdue to
= Age
= Exposure to excessive and prolonged noise
= Genetic factors and disease
= Dependingonthe type of hearingloss,theresponseis different fordifferent frequencies of
sound
= Hearingloss due to ageing:
= QOccurs atallfrequencies
= Withthe greatestlosses athigherfrequencies
= Hearingloss due to excessive noise:
= Occursinthe frequencyrange the personwas exposed to
= Withthe greatestloss at4 kHz
Hearing Loss &Frequency Variation

Depending on the type of hearing loss, different responses to frequencies of sound are found to
deteriorate

= Thedegree ofhearingloss canbe tested byobtainingequalloudness curves and comparing the
results withthe curves fornormal hearing
= The same,butinverted, curve canbe obtained usingthe dBA scale
Comparing Hearing Defects
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Curve A shows the response fora young person with no hearing loss. Curve B shows the response foran
olderperson with hearing loss due to ageing. Curve C shows the response fora young person with
hearing damage due to excessive noise

@ Worked example

Ahearingtestwas used to obtainthreshold hearingaudiograms fora group of people.The
diagrambelow shows the audiogram obtained forapersonwithnormal hearing.
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Onthe graph, sketchcurves to show:

(a)acurve labelled Xto show apersonsufferingfromhearingloss due to excessive noise
(b)acurve labelled Yto show apersonsufferingfromhearingloss due to old age.
Answer:

(a)Hearingloss due to excessive noise

= Curve X:hearinglossincreases upto 4 kHz thendecreases afterthis frequency
(b)Hearingloss due to ageing

= CurveY:lossincreases as frequencyincreases
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