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HumanHuman communicationcommunication: the : the organsorgans of of speechspeech



Top Top viewview

HumanHuman larynxlarynx and and vocalvocal foldsfolds



Production of a Production of a voicedvoiced phonemephoneme



FormantFormant frequenciesfrequencies



Neural representation of speechNeural representation of speech--like soundslike sounds

SeckerSecker--Walker & Searle, JASA, 1990Walker & Searle, JASA, 1990



•• pooled pooled IPIsIPIs histograms are histograms are 
generated through smoothed generated through smoothed 
root autocorrelation interval root autocorrelation interval 
analysis and a final average over analysis and a final average over 
CF parameters.CF parameters.

Formant tracking by the peripheral auditory systemFormant tracking by the peripheral auditory system

•• intervals between peaks in the intervals between peaks in the 
instantaneous firing waveforms instantaneous firing waveforms 
of auditory fibers directly of auditory fibers directly 
encode the periods of acoustic encode the periods of acoustic 
resonances.resonances.

SeckerSecker--Walker & Searle, JASA, 1990Walker & Searle, JASA, 1990



11 11 µµmm6767 mm/smm/s28 Pa28 PaThreshold of painThreshold of pain

11 pm11 pm6767 nm/snm/s28 28 µµPaPaThreshold of hearingThreshold of hearing

DisplacementDisplacement
ss = = uu / 2/ 2ππff

VelocityVelocity
u =u = ∆∆p / Zp / Z

PressurePressure
∆∆pp↓↓ Sound level Sound level ↓↓

HYDROGEN ATOMHYDROGEN ATOM
BohrBohr’’s radius s radius rraa = 52.9 pm= 52.9 pm

ATMOSPHERIC PRESSUREATMOSPHERIC PRESSURE
ppoo = 1.013 = 1.013 ×× 101055 Pa = 0.1 Pa = 0.1 MPaMPa

The ear is a very sensitive transducerThe ear is a very sensitive transducer
The largest acoustic pressure The largest acoustic pressure ∆∆ppmm that the ear tolerates at the that the ear tolerates at the threshold of painthreshold of pain is about is about 28 Pa28 Pa, , 
whereas the faintest audible sound at whereas the faintest audible sound at 1 kHz1 kHz is associated to a is associated to a ∆∆ppmm of about of about 28 28 µµPaPa ((threshold of threshold of 
hearinghearing))..

Compare Compare toto::

•• The The faintestfaintest soundssounds cause air cause air moleculemolecule averageaverage displacementsdisplacements on the on the subsub--atomicatomic scale.scale.
•• Even for the loudest sounds, displacements are comparable to theEven for the loudest sounds, displacements are comparable to the thickness of a normal sheet thickness of a normal sheet 

of paper, divided by 7. of paper, divided by 7. 
•• At the threshold of pain, acoustic pressure is still less than tAt the threshold of pain, acoustic pressure is still less than the stationary atmospheric he stationary atmospheric 

pressure, divided by 10000. pressure, divided by 10000. 



The coclea The coclea isis a a fluidfluid--filledfilled coiledcoiled structurestructure
logitudinallylogitudinally divideddivided in in threethree subsub--compatmentscompatments, or , or 
scalaescalae. The scale . The scale spiralspiral togethertogether alongalong the the lengthlength of of 
the the cochleacochlea. . 

TheThe scala media scala media is separated by from theis separated by from the scala scala 
vestibulivestibuli above byabove by Reissner’sReissner’s membrane membrane and fromand from
scala tympani scala tympani below by thebelow by the basilar membranebasilar membrane..

Scala tympani

Scala 
vestibuli

Scala 
mediaExternalExternal, middle and , middle and innerinner earear

HumanHuman PeripheralPeripheral AuditoryAuditory SystemSystem



BasilarBasilar membrane membrane responseresponse toto a pure tonea pure tone

Scala tympani

Scala 
vestibuli

Scala 
media



StapesStapes

RoundRound
windowwindow Basilar membraneBasilar membrane

Cross sectionCross section
FluidFluid

FluidFluid

3.5 cmL =

The "The "uncoileduncoiled" " cochleacochlea

Basilar membraneBasilar membrane

Hair cells

Support cellsSupport cells

Organ of CortiOrgan of Corti

Scala tympani

Scala 
vestibuli

Scala 
media



Cochlear Cochlear fuidfuid dynamicsdynamics

Laminar flow conditionLaminar flow condition

In a fluidIn a fluid--filled tube, transition from laminarfilled tube, transition from laminar
to turbulent flow occurs at  to turbulent flow occurs at  NNRR > 2000> 2000
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Fluid flow in the cochlea is laminar.Fluid flow in the cochlea is laminar.



Laminar Laminar fluidfluid flowflow

1  1 2  2v  v  A A=

ContinuityContinuity equationequation ((ρρ = = constconst..))
 Mass Mass conservationconservation 

Streamlines

Fluid motion in a flow tube



F ma=
G GNewton’Newton’s s secondsecond lawlaw::

1 1 1 1( )F p A p p A= − + ∆

1p

1p p+ ∆

1m V A xρ ρ= ∆ = ∆

Net force:Net force:

Mass:Mass:

 p aρ−∇ =
G G

Euler’Euler’s s equationequation::

 p x aρ−∆ = ∆

Kinetic Kinetic presurepresure fieldfield
Local fluid Local fluid accelerationsaccelerations are are 
reciprocally related to the local reciprocally related to the local 
pressure gradientpressure gradient through through 
Eurler’sEurler’s equationequation

ThisThis equationequation isis validvalid ifif the the effectseffects of of fluidfluid viscosityviscosity can can bebe neglectedneglected

Euler’Euler’s s equationequation



BasilarBasilar membrane and membrane and instantaneousinstantaneous fluidfluid couplingcoupling

Due to Due to fluid incompressibilityfluid incompressibility ((ρρ = = constconst..)), , pressurepressure spreads spreads 
instantaneously from the instantaneously from the forceforce application site and pushes application site and pushes 
adjacent membrane segments in the direction opposite to the adjacent membrane segments in the direction opposite to the 
force impulse (curved blue arrows).force impulse (curved blue arrows).

Force Force impulseimpulse



FluidFluid couplingcoupling in the box model of the in the box model of the cochleacochlea

f = Gf = GSS ((xx), force acting on the ), force acting on the 
basilar membrane segment at basilar membrane segment at x x 
caused by unit inward stapes caused by unit inward stapes 
acceleration acceleration aaSS..

Allen J Allen J JASAJASA 1977 1977 

Magnitude of the hydrodynamic forces per unit input acceleration

f = G(x', x), force acting on the 
basilar membrane segment at x
caused by unit upward 
acceleration a of the basilar 
membrane at x'. 



 p aρ−∇ =
G G

HumanHuman cochleacochlea

FluidFluid force force fieldfield generatedgenerated byby unitunit
STAPES STAPES accelerationacceleration..

FluidFluid force force fieldfield generatedgenerated byby unitunit
locallocal BM BM accelerationacceleration..

Force impulseForce impulse

Membrane accelerationMembrane acceleration
Due to fluid incompressibility, Due to fluid incompressibility, pressurepressure spreads spreads 
instantaneously from the instantaneously from the forceforce application site and application site and 
pushes adjacent membrane segments in the direction pushes adjacent membrane segments in the direction 
opposite to the force impulse (curved blue arrows).opposite to the force impulse (curved blue arrows).

NobiliNobili R, R, VetešníkVetešník A, A, TuricchiaTuricchia L, Mammano F, L, Mammano F, JAROJARO, 2003 , 2003 
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DampedDamped oscillatoroscillator equationequation

BasilarBasilar membrane modelmembrane model
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MotionMotion equationequation of the of the basilarbasilar membranemembrane

Mammano F, Mammano F, NobiliNobili R R JASAJASA 19931993



Fluid

in motion

Fluid

at rest
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Round
window

Basilar membrane

Mammano F, Mammano F, NobiliNobili R , R , JASAJASA, 1993 , 1993 

TravellingTravelling waveswaves

LowLow
frequencyfrequency

High High 
frequencyfrequency

ClicksClicks

NobiliNobili R, Mammano F, R, Mammano F, AshmoreAshmore TINSTINS, 1998 , 1998 



NobiliNobili R , Mammano F, R , Mammano F, AshmoreAshmore 1998, 1998, TINSTINS, 1998 , 1998 

The The cochlearcochlear amplifieramplifier

RenRen T, 1998, T, 1998, PNASPNAS, 2002 , 2002 

Envelope

Waveform
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Forward transductionForward transduction

Top view (lizard) Top view (lizard) 

Davis Q || Freeman D, Davis Q || Freeman D, AROARO, 1995, 1995

KacharKachar B || Gillespie PG, B || Gillespie PG, PNAS, PNAS, 20002000

Stereocilia
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InnerInner hairhair cellcell

←← MechanicallyMechanically
gated channelsgated channels



OuterOuter hairhair cellscells and and supportingsupporting cellscells

LagostenaLagostena L || Mammano F, L || Mammano F, Cell Cell CommComm AdhesAdhes, , 20012001



ReverseReverse transductiontransduction

Sound OFF, Sound OFF, onlyonly outerouter hairhair cellscells

Sound ON, in the RL Sound ON, in the RL referencereference systemsystem

NobiliNobili F, Mammano F, F, Mammano F, JASA, JASA, 19961996

Mammano F, Mammano F, AshmoreAshmore JF, JF, Nature, Nature, 19931993

Resting-

Depolarised-

DallosDallos P, P, FaklerFakler B, B, NatureNature, 2002, 2002

inin outout

inin outoutPRESTIN, PRESTIN, a newa new
type of motor proteintype of motor protein

Mammano F, Mammano F, NobiliNobili R , R , JASAJASA, 1993 , 1993 



Prestin'Prestin's s electricalelectrical signaturesignature: OHC ": OHC "gatinggating" " currentscurrents

Mammano F || Mammano F || KacharKachar B, B, J. J. NeurosciNeurosci., ., 19991999
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Stereocilia 
displacement

NonlinearNonlinear amplificationamplification

NobiliNobili F, Mammano F, F, Mammano F, JASA, JASA, 19961996

The The rolerole of the of the tectorialtectorial membranemembrane
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TwoTwo--tone suppressiontone suppression

Nobili & Mammano, J.A.S.A. 1996

70 dB 4 kHz tone on 50 dB tones70 dB 4 kHz tone on 50 dB tones
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Distortion productsDistortion products



OtoacousticOtoacoustic emissionsemissions fromfrom residualresidual oscillationsoscillations of the of the basilarbasilar membranemembrane

NobiliNobili R, R, VetešníkVetešník A, A, TuricchiaTuricchia L, Mammano F, L, Mammano F, JAROJARO, 2003 , 2003 



Cochlear culturesCochlear cultures

400 400 µµmm

40 40 µµmm

Fura-2 AM, 380 nm

Organotypic culture (rat) P0-P2

Hair cells

H
ensen’s

cells

Hensen’s
cells

Hair
cells



CaCa2+2+ waves elicited by mechanically stimulating a single hair cell iwaves elicited by mechanically stimulating a single hair cell in culturen culture

Changes in [CaChanges in [Ca2+2+]]ii were monitored while were monitored while 
pressing a glass micropipette against a single pressing a glass micropipette against a single 
hair cell.hair cell.

Mechanical manipulation elicited an Mechanical manipulation elicited an 
intercellular Caintercellular Ca2+2+ wave that spread to the wave that spread to the 
surrounding support cells in the organ of surrounding support cells in the organ of 
Corti. Corti. 

1.01.0 00∆∆RR

FuraFura--2: R=340nm / 380nm2: R=340nm / 380nm



http://http://vimm.itvimm.it/cochlea/cochlea


